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SECTION  I 


INTRODUCTION 

This  is  the  final  report  for  work  on  the  project  Dynamic  Simulation  of 
Airborne  High  Power  Systems  for  the  period  of  August  15,  1979  through 
June  30,  1982. 

Models  were  developed  for  three  phase  generators,  three  phase  trans¬ 
formers,  SCR's  and  resonant  charging  circuits.  The  models  were  developed 
in  sufficient  detail  to  represent  operating  conditions  outside  the  range  of 
the  usual  models. 

The  three  phase  ac  generator  model  includes  sufficient  detail  to 
allow  inclusion  of  the  effects  of  speed  variation  and  field  saturation.  This 
allows  simulations  of  start  up  and  severe  faults,  balanced  or  unbalanced. 

Data  are  included  for  a  specific  machine  and  results  are  included  for  simula¬ 
tion  of  severe  fault  conditions.  Methods  for  measuring  required  machine 
data  are  included. 

The  transformer  model  developed  is  for  a  three  phase  bank  and  can  be 
used  with  SCEPTRE  to  simulate  a  bank  of  three  single  phase  transformers  or  a 
three  phase  transformer.  Wye-wye  or  delta-wye  connections  can  be  represented. 
The  model  allows  inclusion  of  magnetic  saturation  and  also  allows  inclusion 
of  coupling  between  phases  for  the  three  phase  transformer  case. 

Simulations  include  a  composite  system  of  generator  and  transformer. 

The  ac  and  dc  resonant  charging  modeling  and  simulation  consisted  of 
determining  an  appropriate  SCR  model  and  conducting  simulations  using  the 
SCR  models  in  ac  and  dc  resonant  charging  circuit  configurations  supplied 
by  the  Air  Force. 

Existing  SCR  models  were  inadequate  at  the  specified  power  levels  and 
in  the  resonant  charging  configurations.  The  "Hu-Ki  model"  was  chosen  as 
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the  best  existing  model.  Starting  with  the  "Hu-Ki  model,"  simulation  on 
SPICE  2  assisted  in  arriving  at  a  "modified  Hu-Ki"  model  appropriate  for 
this  application.  A  SCEPTRE  model  was  developed  from  the  SPICE  2  model.  A 
method  of  determining  SCEPTRE  SCR  model  parameters  from  manufacturers  data 
is  given. 

The  work  also  addresses  the  problems  of  system  variable  selection  in 
nonlinear  simulation,  stiff  differential  equations  and  system  simulation 
using  SPICE  2  and  SCEPTRE  CAD  programs. 
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SECTION  II 


THE  GENERATOR  MODEL 


2.1  OBJECTIVE 

This  part  of  the  project  was  to  develop  a  mathematical  and  computer 
model  of  a  three  phase  ac  generator.  The  model  is  to  be  adequate  for  in¬ 
cluding  effects  of  unbalanced  transient  loads,  startup  transient,  speed 
variation,  field  excitation  variation  and  saturation  of  the  field. 

Most  of  the  models  existing  in  the  literature  (References  1,5,6)  were 
developed  for  representing  generators  in  power  system  stability  studies. 

In  power  system  applications  the  generator  is  usually  connected  to  a  large 
system  and  the  generator  is  constrained  to  operation  in  a  narrow  range  or  it 
is  removed  from  the  system  by  protective  devices.  In  the  airborne  high  power 
system  one  has  a  single  generator  supplying  an  isolated  load  and  the  machine 
may  be  subject  to  more  severe  transients  of  a  wider  range. 

Further,  in  a  power  system  the  concerns  of  the  modeling  for  stability 
studies  are  sustained  overload  currents  and  the  synchronising  of  the  genera¬ 
tor  with  the  system.  In  this  airborne  high  power  system  the  operation  is 
asynchronous  and  there  is  need  to  consider  short  duration  transient  pulses 
that  may  affect  the  operation  of  the  electronics  in  the  associated  load. 

In  order  to  have  a  model  sensitive  to  these  concerns,  more  detail  is 
included  than  is  usual  in  power  system  stability  studies.  The  model  used 
has  these  additional  features:  direct  and  quadrature  damping  effects; 
variable  speed;  saturation  effects  including  both  variation  in  inductance 
and  variation  in  3L/3i;  more  accurate  developed  torque  formulation;  formula¬ 
tion  in  a  form  such  that  the  prime  mover  model  and  the  field  control  model 
may  be  added  if  these  become  available  at  some  later  time. 

2.2  GENERATOR  MATHEMATICAL  MODEL 

Appendix  A  shows  the  generator  equivalent  circuit  and  establishes  the 
notation  and  time  and  space  references  used  in  the  modeling. 

In  vector  and  matrix  form  the  equation  for  the  circuit  model  is  given 
either  by  Equation  (43)  or  (46)  and  repeated  here  as  Equations  (1)  or  (2). 


»  ■  “  +  3F 


(1) 


V  *  RI  +  &  (LD 


(2) 


The  torque  equations  relating  electrical  to  mechanical  variables  is 
given  by  Equations  (55)  and  (56)  and  here  as  Equations  (3),  (4),  and  (5). 


jjr-Jrvv1**  <3> 

where  the  Te  term  represents  the  so  called  electrical  torque  and  corresponds 
to  the  power  converted  from  mechanical  form  to  electrical  form,  Pg 


p  =  T  de_ 

pe  e  3t 


Concordia  (Reference  7)  shows  that  the  Tg  is  defined  by 


(4) 


Te  '  7  C»1T  W 


(5) 


Equations  (1)  through  (5)  basically  define  the  generator  model.  These 
equations  are  standard  forms  in  the  literature  (References  [1 ,3, 5,6,7]) .  The 
model  used  in  this  work  differs  from  others  in  the  choice  of  system  variables 
and  in  the  details  of  defining  the  inductance  coefficients.  These  points  are 
discussed  in  Appendix  A  and  in  subsequent  sections  of  this  report. 


2.3  CHOICE  OF  GENERATOR  VARIABLES 

Choices  of  generator  state  variables  were  made  in  two  areas.  First,  the 
direct  phase  variables  were  chosen  over  the  more  traditional  direct  and  quadra¬ 
ture  axis  variables.  Secondly,  the  current  variables  were  chosen  over  the 
flux  linkage  variables. 

The  direct  phase  variables  were  chosen  over  the  traditional  direct  and 
quadrature  variables  for  three  reasons.  First,  while  Parks  (Reference  1) 
transformation  does  significantly  simplify  the  generator  model  equations  and 
hence  aid  in  their  solution,  it  is  necessary  at  each  numerical  integration 
step  to  transform  the  variables  back  to  direct-phase  variables  for  compatability 


4 


with  the  external  load  made  up  of  electronic  components  and  resonant  charging 
elements.  Any  expected  gain  would  be  greatly  diminished  by  this  transforma¬ 
tion. 

Secondly,  additional  logic  would  need  developing  to  represent  the  effect 
of  direct-phase  open  and  short  circuits  on  d-q  variables. 

Thirdly,  the  application  of  Parks  transformation  and  the  resulting 
simplified  equations  depend  on  certain  simplifying  assumptions  which  don't 
really  apply  if  saturation  effects  and  3L/3i  effects  are  significant. 

The  choice  of  the  current  variables  over  the  flux  linkage  variables  was 
dictated  not  by  generator  model  considerations  bbt  by  limitations  imposed  by 
models  of  the  electronic  components  of  the  load  (resonant  charging  circuit). 

The  developments  in  Section  V  and  VI  of  this  report  indicate  that  for 
appropriate  numerical  integration  methods,  use  of  the  x  variable  gives  less 
propagated  error  for  non-linear  inductances.  Further,  Nakra  (Reference  8) 
and  Manly  (Reference  9)  cite  inaccuracies  that  may  arise  due  to  noise  in  the 
3L/3i  terms  which  appear  in  the  current  variable  formulation. 

However,  available  data  and  existing  models  for  diodes,  transistors  and 
SCR's  are  given  in  terms  of  current  and  voltage  variables  instead  of  flux 
linkages  and  charge  variables.  This  and  the  need  to  use  a  program  such  as 
SPICE  or  SCEPTRE  for  the  electronic  component  modeling  dictated  the  use  of 
current  variables  for  modeling  the  generator.  SCEPTRE  normally  requires 
that  currents  be  the  state  variables  in  inductor  elements. 

2.4  FORMULATION  FOR  NON-LINEAR  INDUCTANCE 

Saturation  effects  cause  the  inductance  coefficients  to  be  non-linear 
functions  of  the  machine  currents.  The  circuit  model  equations  for  direct- 
phase  current  formulation  with  saturation  effects  are  now  developed.  The 
terms  arising  due  to  dependence  of  inductance  on  the  currents  are  illustrated. 

The  generator  circuit  model  equations  for  direct-phase  current  formula¬ 
tion  and  inductance  as  a  function  of  current  are 

V  =  RI  +  L  $+  ($r)(I)  (6) 
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In  the  second  term  on  the  right-hand  side  of  the  equation  the  induc¬ 
tances  are  those  defined  in  ihe  appendix  by  Equation  (50)  except  that  the 
L  and  M  coefficients  are  modified  by  saturation.  The  third  term  involving 
dL/dt  will  be  treated  subsequently. 

The  assumptions  made  on  the  effect  of  saturation  on  the  Inductance  terms 
are  discussed  In  Appendix  A.  Equation  (53),  repeated  here,  illustrates  how 
one  of  the  inductance  terms  is  affected  by  saturation. 


=  C  L_  +  C_aL_  cos  2e 
aas  aa  s  aa  m 


(53) 


CaaLaa 

Implied  here  is  that  the  shape  of  the  inductance  curve  as  a  function  of 
rotor  position  is  not  changed  by  saturation,  (the  validity  of  this  assump¬ 
tion  is  discussed  in  Appendix  A).  This  form  further  implies  that  saturated 
Inductance  measurements  can  be  made  on  the  direct  axis  as  a  function  of  net 
excitation  contributed  by  the  various  currents.  The  net  excitation  current 
in  terms  of  equivalent  main  field  current  is 

ix  =  iF  +  NFDiD  +  NFa  [1a  cos(e)  +  ib  cos(e  -  ^) 

+  ic  cos( 0  +  ^)]  (7) 


To  determine  the  Caa  ,  the  rotor  Is  aligned  with  the  "a"  phase  axis  and 

aa 

La_  is  measured  as  1„  is  varied  over  an  appropriate  range  giving  a  curve  as 

aa  X 

shown  in  Figure  1. 

The  equation  for  Laa  as  a  function  of  i„  is  obtained  by  appropriate 

aa  X 

polynomial  curve  matching  techniques  and  results  in  the  following  form. 


'aas 


L.of  +  >1  *x  *  Vx  +  Vx  + 


(8) 


L..C.. 
ao  aa 


Thus  C.  is  the  normalized  polynomial  of  the  variation  of  the  Inductance 


C  terms  are  required  for  each  of  the  equations  listed  in  Equation  (50). 
Measurements  are  needed  to  determine  the  following  C  polynomials:  Caa,  CaF  , 
CaD’  CaQ*  CFF*  CFD*  CDD*  These  requirements  are  listed  in  more  detail  in 
a  later  section. 

These  saturation  coefficients  are  associated  with  the  inductance  terms 
as  shown  below  in  Equation  (9)  where  the  s  subscript  is  dropped 


Laa  *  caa  <Ls  +  Sa  c°s<28» 

Lab  ■  Caa  <-"s  +  Lm  c°s<28  ‘  T»  =  Lba 
Lac  *  c.a  <-Hs  +  Lm  c°s(28  +  T»  '  Lca 
LaF  “  CaF  (MaF  Cos(0))  =  LFa 
LaD  “  CaD  ^MaD  Cos(0))  =  LDa 
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LaQ  =  ^aQ^MaQ  =  lq3 
h*  =  caa<Ls  +  hn  Cos<29  +  T» 

Lbc  '  C»a<-Ms  +  Lm  c°s<29»  ■  Lcb 
LbF  *  CaF<MaF  C°s<e  -  T»  '  LFb 
LbD  *  CaD‘MaO  Cos<e  -  T»  *  LDb 
ubQ  =  CaQ(MaQ  S1"<6  *  T»  *  LQb 


Lcc  ■  caa<Ls  +  Lm  c°s<29  ' 


aF(MaF  Cos(e  +  ^)) 

=  LFc 

aD(MaD  Cos(e  +  T,} 

=  LDc 

aQ(MaQ  Sin(e  +  ^)) 

=  LQc 

fflf 

fdmr 

s  ldf 

lfq-° 


ldd  =  cddld 


loq  =  0 


lqq  s  lq 


Next  consider  the  third  term  on  the  right  hand  side  of  Equation  (6), 
(dL/dt) ( I ) . 
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Consider,  for  example,  the  first  row  of  the  matrix  product  (dL/dt) ( I ) . 


Laa'1a  +  Lab)ib  +  1  ac>’c  +  LaF)1F 

+  (^La0)10M^LaQ)1Q  (10) 

now  noting  that  the  inductances  are  functions  of  the  net  excitation,  ix,  and 
i  is  given  by  Equation  (7),  the  derivative  in  the  first  term  of  Equation  (10) 
expanded  becomes. 

j  3L  a  3  i  3La  <>« 

0  |  _  da  X  .  qq  QQ  /ii  \ 

eft  Laa  ~  3i x  3t  3e  3t  1  ; 


Iff*  NFD  1F+  NFa<ir>C°s<'’>  -  "Fa1,  Si""» 


36 

W 


+  NFa(TT^Cos^9  ‘  T*  ’  NFaib  sin(e  “  T*  ft 


+  NFa^TT)Cos^9  +  T*  "  NFa  Sin(9  +  ft 

(12) 

The  expressions  for  the  other  terms  after  expanding  the  derivative  terms 
of  Equation  (10): 

&  Lab;  &  Lac*  &  LaF*  LaD;  Xt  LaQ; 

will  be  the  same  as  Equation  (12)  except  for  the  quantities  outside  the 
square  brackets  where  the  Inductance  in  question  will  appear.  When  these 
terms  are  all  expanded  and  terms  are  collected,  the  first  row  of  the 
L  it”  +  ^3^  *  matrix  becomes 


St  =  CAaNFa  Cos(9>  +  Lscaa  +  Lmcaa  Cos(2e)]  -gf 

♦  [AaNFa  Cos(e  -  "  Hscaa  +  Vaa  Cos<29  '  T>^  TF 

+  tAaNFa  Cos(e  +  -  M$Caa  ♦  llnCaa  Cos(2e  ♦  £)]  ^ 

+  £Aa  +  caFMaF  Cos  (9^  ST 
+  £AaNFD  +  caDMaD  Cos(6)]  ST 
+  ^aQ^aQ  s1n<9^  St' 

-  CAaB  +  2CaaCaLm+'CaFMaF1F  +  CaD1D>s1"(9)-CaQMaQiQ  Cos<6>]  al 

(13) 

where 


A  ,  3Laa  +  j  3Lab  .  3Lab  .  3LaF  .  3LaF  .  3LaD  .  3dLaQ 
Aa  ‘  ’a  T^~+  nb  TT^+  \  TT^"+  V  T^~+  nF  ~3T^_+  nD  TT^+  ’q 

8  =  NFa^a  Sin^8)  +  ib  Sin(8  -  yO  +  ic  Sin(8  + 


Ca  =  S i n ( 2 0 )  +  Sin(2@  -  )  +  i^  Si n ( 20  +  ^p) 


Similar  expansions  are  required  for  each  of  the  rows  of  the  matrix  terms 
corresponding  to  the  terms 


3Xb  3Xc  3XF  3XD  . 

at  *  TF  *  TF  *  TF  *  and  TF  * 


The  complete  listing  of  these  terms  is  included  in  Appendix  B. 

Further,  one  must  note  and  include  the  saturation  effects  on  the 
terms.  Again  using  phase  "a"  terms  as  example 

Laa  a  Caa<Ls  +  Lm  Cos<2e» 


3L 

W. 


04) 


and  noting  from  Equation  (8) 


aa 


=  1  + 


al’x 


+  a21*x  +  a3*x  + 


(15) 


3L-,  o 

-pp-=  (Ls  +  Lm  Cos(2e))(a1  +  2a2ix  +  3a3i‘  +  •••)  (16) 

Again  the  derivative  of  the  other  inductance  terms  with  respect  to  ix 
may  be  written  in  a  similar  fashion. 

Finally  the  derivatives  of  the  inductance  terms  with  respect  to  e  are 
obtained.  The  "a"  phase  terms  are  listed 


'  2  CaaLm  s1"<2a> 

‘  2  S1n<29  '  T> 

'  -  2  CaaLm  si"(2a  *  T> 
IF  ’  '  caFMaF  S1n^e* 

1e  =  -  CaDMaD  Si"<9> 

IF*  =  "  CaQMaQ  Cos(e)  * 


07) 


2.5  SCEPTRE  EQUIVALENT  CIRCUIT 

The  circuit  model  equations  developed  in  previous  sections  are  now  in  a 
form  from  which  the  equivalent  circuit  may  be  readily  discerned.  An  equivalent 
phase  "a"  circuit  that  is  easily  analyzed  by  the  SEPTRE  program  is  shown  in 
Figure  2.  Equations  for  the  other  circuits  of  Figure  20  are  developed  in  a 
similar  manner  and  equivalent  circuits  built  for  them.  A  program  in  SCEPTRE 
can  then  be  written.  Such  a  program  is  listed  in  Appendix  C. 
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2.6  INCLUSION  OF  PRIME-MOVER  AND  EXCITATION  CONTROL  MODEL 

While  SCEPTRE  was  primarily  developed  to  facilitate  network  analysis, 
it  can  be  used  to  analyse  other  dynamic  systems.  Particularly,  it  has  the 
ability  to  analyze  systems  for  which  transfer  functions  are  available. 

SCEPTRE  requires  that  the  transfer  function  be  converted  to  state  equations 
and  the  state  equations  entered  into  the  program.  (The  details  of  this 
conversion  procedure  are  given  in  the  manual  (Reference  2).)  This  capability 
of  SCEPTRE  can  be  used  to  advantage  in  simulating  the  prime- mover  charac¬ 
teristics  of  the  system.  The  prime-mover  model  is  converted  to  a  suitable 
program  and  the  output  quantity  of  interest  is  the  mechanical  torque,  T  . 

This  becomes  an  input  for  the  synchronous  machine  model  through  Equation 
(3),  which  is  the  equation  for  rotor  angle  acceleration. 

Similarly,  excitation  control  system  models  may  be  added  to  the  machine 
simulation.  Excitation  control  is  generally  based  on  monitoring  the  terminal 
voltage  of  the  generator  and  changing  the  excitation  field  voltage  in  some 
fashion  as  the  response.  The  control  system,  modeled  either  as  a  transfer 
function  or  an  electronic  network,  is  easily  added  to  the  present  machine 
model,  since  in  the  program  both  the  terminal  voltage  and  the  excitation 
voltage  are  accessible  variables.  The  present  work  has  not  been  concerned 
with  modeling  either  the  prime-mover  or  the  excitation  voltage  control 
scheme,  and  the  above  observations  are  offered  only  to  show  how  these  models 
can  be  incorporated  in  the  present  simulation. 

2.7  AN  ALTERNATIVE  GENERATOR  MODEL 

In  this  report  in  SECTION  V  and  SECTION  VI  the  discussion  and  develop¬ 
ment  lead  to  two  conclusions.  First,  in  solving  differential  equations  with 
nonlinear  inductors,  the  flux  linkages,  x,  should  be  taken  as  the  variables 
and  not  the  currents,  i.  Secondly,  in  "stiff"  differential  equations  an 


implicit  integration  method  such  as  the  "Backward  Euler"  method  should  be 
used.  However,  the  complexity  of  the  electronic  circuit  model  and  the 
desirability  of  using  existing  models  from  the  literature  for  the  SCR  lead 
to  the  decision  to  use  CAD  programs  SPICE  2  and  SCEPTRE.  Now,  both  CAD 
programs  allow  use  of  implicit  integration  but  both  force  use  of  current 
and  voltage  variables. 

This  subsection  developes  a  formulation  for  the  generator  model  which 
uses  flux  linkages,  x,  as  the  nonlinear  inductor  variable  and  is  based  on 
the  "Backward  Euler"  implicit  integration. 

2.7.1  Nodal  Analysis  Approach 

Since  for  the  "Backward  Euler"  representation  of  the  generator  at  any 
discrete  time  kAt  the  equivalent  circuit  will  be  shown  to  be  dc  dependent 
voltage  sources  and  resistors,  the  following  paragraph  establish  the  methods 
and  notation  for  representing  such  as  system  in  nodal  form. 

Consider  the  dc  circuit  of  Figure  3 


© 


O 


FIGURE  3.  DC  CIRCUIT  FOR  NODAL  ANALYSIS 
Application  of  Kirchhoff's  current  law  and  Norton's  equivalent  yields 


the  equation 
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The  equation  solved  for  v-| 


VE 


(A;) 


For  a  constant  value  (dc  value)  of  voltage  source  E,  a  resulting  value  of 
node  voltage  V-j  may  be  determined. 

Nodal  analysis  may  also  be  applied  to  a  circuit  containing  time  varying 
voltage  sources.  Consider  the  above  circuit  in  which  E  *  Em  cos(o>t).  If 
time  (t)  were  to  be  considered  at  only  discrete  intervals,  then  the  voltage 
source  would  be  a  constant  value  at  each  of  discrete  time  interval.  For 


discretized  time. 


t  =  k  A  t 

E  =  Em  cos(ku>At)  . 


k  =  0,1 . 

At  *  fixed  interval 


As  is  observed  in  this  equation,  for  a  given  small  value  of  At,  the 
trajectory  of  E  with  time  as  k  is  increased  becomes  a  sinusoid.  A  plot  of 
E-versus-time  is  a  sinusoid.  Solution  of  the  nodal  analysis  equation  for 
each  discrete  value  of  time  (kwAt)  yields  a  sinusoidally  varying  node  voltage 


Since  a  generator  can  be  represented  by  its  Thevenin  equivalent  circuit 
of  a  voltage  source  in  series  with  a  resistance,  one  may  suspect  that  nodal 
analysis  is  applicable  to  generator  modeling.  Since  electronic  circuit  com¬ 
ponents  can  be  described  in  terms  of  voltage  sources,  currents  sources,  and 
passive  circuit  elements,  nodal  analysis  may  also  be  applied  to  electronic 
circuit  modeling. 
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2.7.2  Matrix  Form  of  DC  Nodal  Analysis 

A  composite  branch  defines  any  circuit  element  which  can  be  represented 
in  terms  of  a  voltage  source,  current  source,  or  resistor.  As  will  be  seen, 
later  any  dc  circuit  element  may  be  represented  in  this  manner. 


FIGURE  4.  GENERAL  DC  NETWORK  ELEMENT 


Current  is  always  assumed,  by  this  convention,  to  enter  the  "from"  node. 

This  convention  defines  orientation  when  directed  graph  theory  is  applied 
to  a  circuit  for  the  purpose  of  producing  an  incidence  matrix.  The  incidence 
matrix  (A)  is  a  rectanglar  matrix  whose  elements  have  the  following  values: 
a--  =1  if  branch  j  is  incident  at  node  i  and  oriented  away  from  it 

*  J 

a-.  =  -l  if  branch  j  is  incident  at  node  i  and  oriented  toward  it 

*  J 

a^j  =  0  if  branch  j  is  not  incident  at  node  i. 


In  matrix  form,  the  Kirchhoff  Current  Law  equation  becomes 


Ai ( t)  =  Aig(t)  . 


(20) 


The  following  derivational  steps  are  well  known  and  offered  without  comment. 


AI  =  AIg 
A(YV)  =  AIg 

(AY)(ATVn)  *  A(Ig-YVg) 


(21) 

(22) 

(23) 

(24) 
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This  derivation  leads  to  the  development  of  Yn  and  J  directly  from  the  circuit 
without  use  of  the  incidence  matrix. 

( Yn) i j  =  sum  of  all  admittances  connected  to  node  i  when  i  =  j  . 

(Y_)_.,.  =  negative  sum  of  all  admittances  connected  between  nodes 
J  i  and  j  when  i  f  j. 

(J  L  =  sum  of  all  current  sources  and  all  Norton  equivalents 
of  accompanied  voltage  sources  connected  to  node  i. 

This  analysis  may  be  extended  to  include  non-accompanied  voltage  sources. 

Let  NN  be  1  plus  the  number  of  nodes  in  the  circuit.  For  an  independent 
voltage  source  (no  accompanying  series  resistance), 

(YJjj  8  +  1  if  branch  k  is  incident  at  node  1  and  oriented  away 
n  1J  from  it  (j  =  NN) 

=  -  1  if  branch  k  is  incident  at  node  i  and  oriented  toward  it 
(j  =  NN) 

=  +  1  if  branch  k  is  incident  at  node  j  and  oriented  away 
from  it  (i  =  NN) 

=  -  1  if  branch  k  is  incident  at  node  j  and  oriented  toward  it, 

(i  =  NN) 

(Jn)NN  =  value  of  independent  voltage  source. 

The  introduction  of  an  additional  row  and  column  in  the  matrices  has  created 
a  new  "node  voltage".  The  calculated  value  of  this  "node  voltage"  is  the 
value  of  current  flow  through  the  independent  voltage  source. 

The  current  dependent  voltage  source  requires  a  similar  formulation.  In 
this  case,  the  voltage  source  value  is  Ej  =  rlk,  where  Ik  is  defined  to  be 
the  current  flow  through  an  independent  voltage  source  or  through  another 
current  dependent  voltage  source.  In  this  case,  I k  is  a  "node  voltage"  as 
shown  above.  The  formulation  is  similar  to  that  for  the  independent  voltage 
source. 
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(Yl..  =  +  1  if  branch  k  is  incident  to  node  i  and  oriented  away 
n  1J  from  it  (j  =  NN) 

=  -  1  if  branch  k  is  incident  to  node  i  and  oriented 
toward  it  (j  =  NN) 

=  +  1  (i  =  NN) 

=  -  1  (i  =  NN) 

=  -  r  (i  =  j  =  NN). 

The  new  "node  voltage"  created  by  the  addition  of  a  row  and  column  in  the 
matrices  is  the  value  of  current  flow  through  the  current  dependent  voltage 
source. 

2.7.3  Application  of  Nodal  Analysis  to  the  Generator 

As  presented  in  the  derivational  work  for  the  generator  model,  [x] 
is  a  voltage  source.  This  voltage  source  is  composed  of  both  independent 
and  dependent  terms.  Another  way  of  expressing  ^  [x]  is  by  the  use  of  the 
Backward  Euler  integration  algorithm  for  x  (flux-linkage). 

Vl  -  Jn  +  "Vi  <25> 

where,  h  =  t£  -  t^  =  At  the  step  size, n  is  the  step  number. 

After  rearranging  the  equation,  we  obtain 

It  [x]n+l  =  F  xn+l  "  F  xn  *  (26) 

As  with  all  implicit  integration  routines,  xn+1  and  Cx3n+i  are  unknown 
values.  An  iteration  technique  is  used  to  calculate  these  values.  U]n+i 
is  approximated  by  a  Taylor  Series 

[xk+,]nt)  =  [Xk]„+,  *  [0k]n+1  [Al]n+1  (27) 

where  J  is  the  Jacobian 

_  d(xa,xb,xc’xF,x0,x(P 

at  the  n  +  1  step  and  the  k  iteration  and  [Al]n+-|  is  the  difference  between 
the  column  ma tries 
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r  n  I",  k+1  rk 

[AlVl  =  [!n+l  "  !n+l_ 


In  applying  the  proceedure  to  phase  A  qranties,  the  derivational  steps  are 
obtained 


xan+l  =  xan  +  h  xan+l 


(28) 


0  1 

xan+l  =  F 


xa_  - 


F  xa 


n+1 


(29) 


=  r-  xan  - 
h  n 


1  k 
F  xan+l 


,  k 
1  axa 

h  3ia 

n+1  ' 

f.  k+1 

[™n+l 

k 

X  axa 
h  aiF 

n+1  ^ 

^.k+1 

^n+l 

k 

1  axa 
h  aTc 

J 

f.  k+1 
> 

,  k 
1  axa 

"  F  aiF 

n+1  ^ 

Lk+1 

lF  , 
^  n+1 

k 

1  axa 
”  F  ai D 

n+1  ^ 

^._k+l 
^  Dn+1 

1  axa 
”  F  ally 

n+1  ^ 

f.  k+1 

^lQn+l 

n+1 


-  ib 


n+1 
k 

:n+l 


•ck 

lFn+l 


.  _k 
1  Dn+1 , 


_.«k 


-  IQ, 


n+1  j 


(30) 


This  equation  may  be  realized  into  circuit  elements  represented  by  composite 
branches,  independent  voltage  sources  and  current  dependent  voltage  sources. 
This  phase  A  circuit  is  shown  in  Figure  5. 
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One  realizes  from  the  circuit,  that  -  xan+-|  is  equivalent  to  node  voltage 

k+1 

vn(l).  The  value  of  Aan+-|  is  obtained  by  solving  the  set  of  node  equations 
evaluated  in  terms  of  values  determined  during  the  ktfl  iteration.  All  terms 
are  updated  at  the  end  of  each  iteration  until  no  change  in  node  voltage 
(or  current,  or  a)  is  observed. 


2.7.4  Step  Size  Selection 

All  terms  in  the  equation  for  [\]  are  dependent  upon  step  size. 

The  Backward  Euler  formula  approximates  the  true  solution  but  introduces  a 
local  error 

0(h2)  =I-4(i(t*))h2  (31) 

dt 


where  t-j  £  t*  £  t-j  +  h  =  t2  and  where  t*  represents  the  value  of  time  within 

the  interval  which  results  in  the  largest  error.  — -z  [x( t) ]  is  approximated 

dt^ 

numerically  by 


d2  r,  i  -  1  ,  t  1  ,  (hi  +  h2} 

—2  la2]  -  77  *2  +  07  xo  ■  ~rrr~ 
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During  the  integration  process,  step  size  is  determined  based  upon  previously 
determined  values. 

a)  Accept  step  size  (hg)  if  Err  <  maximum  error  error 

b)  reject  step  size  (h2  =  "S’  Err  >  max‘imum  error 

c)  increase  step  size  (h2  =  2hg)  if  Err  ^  maximum  error. 

Results  of  all  calculations  are  saved  for  plotting,  by  a  digital  plotting 
routine. 

This  program  has  been  written  and  is  in  the  "debugging"  stage.  No 
results  are  as  yet  available  for  publication. 
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SECTION  III 
THE  TRANSFORMER  MODEL 

3.1  OBJECTIVE 

A  model  was  developed  and  tested  which  will  represent  a  three  phase 
transformation.  The  transformation  may  be  made  using  three  single  phase  trans¬ 
formers  in  a  three  phase  array  or  may  be  made  using  a  three  phase  transformer. 
The  use  of  SCEPTRE  allows  consideration  of  the  wye-wye  and  delta-wye  systems 
of  the  ac  and  dc  charging  systems. 

Further  the  model  developed  allows  for  operation  of  the  transformer 
in  the  non-linear  range  of  the  magnetization  curve  and/or  variation  in 
coupling  between  phases  of  the  three  phase  transformer  during  unbalanced 
operation. 

Allowance  for  hysteresis  effects  are  not  included  in  the  model. 

3.2  THE  TRANSFORMER  MODEL 

The  equation  which  defines  the  electric-magnetic  circuit  relationship 
for  the  transformer  Is: 

[V]  =  [R][I]  +  ^  [x]  (34) 

where  V  *  the  set  of  six  terminal  voltages 

R  =  a  matrix  containing  the  six  winding  resistance 

I  =  the  set  of  six  phase  currents 

x  =  the  set  of  six  flux-linkages 
and 

[X]  *  [L][I]. 

Equation  34  expanded  becomes 
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3X3-J  3X9-J  3X3^  3X3^  3X3^ 

3ia-|  sib|  3Tcj"  TTa J  IT5J 

3Xb1  3Xb1  3Xb1  3xb1  3Xb1 

FTaT  3lb-j  3iCj  3laJ  3ib2 

3XC-J  3XC-J  3XC-|  3XC-J  3XC-J 

3ia-j  3i  b-|  3ic-|  3ia2  3ib2 

sxa2  3xa2  3xa2  3xa2  3Xa<> 

sTaTj"  aTc7  HaJ  3i^ 

dxb2  3Xb2  3Xb2  sxb2  3Xb2 

3ia-|  3ib-j  slcj'  3ia2  a1b2 

3XC2  3XC2  3XC2  3XC2  3XC2 

sTiTj  3i  b-j  3lc-j  3ia2  3i  b2 


(36) 


The  inductance  matrix  [L]  is  composed  of  a  set  of  partial  derivative  terms  of 
the  general  form 

3X  •  /  3Xa-|  \ 

Ljk  =  3T^  ^e'g”  Lalc2  =  3i ~qj  *  (37) 

The  Inductance  matrix  terms  are  defined  as  incremental  inductances. 

A  sketch  illustrating  winding  and  current  relationships  is  shown  in 

Figure  6. 
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FIGURE  6.  THREE  LEG  THREE  PHASE  TRANSFORMER  CORE  CURRENTS  AND  VOLTAGES 


In  general,  flux  linkage  of  any  winding  is  a  non-linear  function  of  all 
the  winding  currents. 


x.  =  x  •  ( i  a  -I ,  ia«,  ibi,  ib«,  ic,,  ic«)  . 


•J  j'Jl’  2*  ,ul*  ,u2*  •'•l*  "~2 
This  nonlinear  relationship  is  further  complicated  by  the  presence  of 

hysteresis.  Allowance  for  hysteresis  effects  is  not  included  in  the  model 
developed  here.  Hysteresis  effects  may  be  neglected  without  significant 
error  for  low  core  loss  grades  of  transformer  core  steel.  Unreasonable 
amounts  of  data  and  a  cumbersome  model  would  be  required  to  include  these 
effects. 

The  magnetization  curve  can  be  measured  by  standard  means.  The  effect 
of  this  nonlinear  curve  is  not  considered  to  be  negligible.  The  partial 
derivative  of  the  magnetization  curve,  Ljk,  is  also  a  non-linear  function 
of  current.  Each  inductance  can  be  expressed  as  a  function  of  six  currents 


(38) 
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Lj|^  =  L  (ia-| ,  ib-j,  i c-j 9  ia2»  ib2, 

Ljk  =  L  [a0  +  all  ial  +  a12  ia2|  + 

+  a2^  ib-j  +  a22  ib^  + 

+  a31  1c,  +  a32  1c,  + 

•  ^  .2  . 

+  a^-j  ia2  +  a42  ia2  + 

+  ag1  ib2  +  ag2  ib2  + 

.  2 

+  agl  ic2  +  ag2  ic2  + 


ic2) 

.  3 
a13  ial 

.  j3 

a23  lbl 

.  3 
a33  1C1 

.3 

a43  ia2 
..3 

a53  lb2 
a63  ic2] 


(39) 


This  expression  requires  a  different  set  of  constants  (a-J  for  each  of  the 

*  J 

36  inductance  terms.  By  assumption  of  constant  turns  ratio,  the  expression 
can  be  simplified. 

ix  =  1al  +  N  1a2 
iy  *  ibj  +  N  ib2 
iz  =  ic(  +  N  ic2 


[bO  +  b11  +  b12  <x  +  b13 

+  b21  iy  +  b22  iy  +  b23  iy 

+  b3k  iz  +  b32  iz  +  b33  iz] 


(40) 


Equation  (40)  is  the  form  used  in  the  SCEPTRE  model. 

Nakra  and  Barton  (Reference  8)  computed  inductance  coefficients  for 
each  ijk  state  using  a  simplified  magnetic  circuit  calculation. 

The  inductance  coefficients  could  be  determined  by  using  "finite  element" 
analysis  of  the  transformer  electrical  and  magnetic  circuit. 
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However,  the  assumption  in  the  model  used  here  is  that  with  modern 
digital  instrumentation  and  an  existing  transformer,  the  required  data  would 
be  measured.  A  multiple  regression  analysis  then  would  be  used  to  determine 
the  a-.:  coefficients  for  storage. 

•  J 

Since 

[X]  -  [§Kl] 

=  [L]  [1]  (41) 

and 

it w  3 

=  [L]  tj[]  .  (42) 

The  [L]  matrix  is  considered  constant  incremental  inductance  evaluated 
at  each  [I]  state.  Expanded  Equation  34  becomes 


3.3  SCEPTRE  MODELING 


V  cos  (wt) 
m  ' 


RAL 


FIGURE  7.  SCEPTRE  EQUIVALENT  CIRCUIT  FOR  PHASE  A 


Implementation  of  the  three  phase  transformer  requires  the  use  of 
all  36  terms  of  the  inductance  matrix.  These  are  computed  in  a  FORTRAN 
subroutine  for  each  current  state  in  terms  of  stored  a^.  data.  Implementa¬ 
tion  of  a  bank  of  three  single  phase  transformers  requires  the  exclusion 
of  all  mutual  inductance  (off-diagonal)  terms  with  the  exception  of  mutual 
inductances  between  primary  and  secondary  windings  of  each  transformer. 

A  listing  of  a  SCEPTRE  program  in  which  a  three  phase  transformer  is 
modeled  is  included  in  Appendix  ( D  ) .  This  model  has  been  successfully 
developed  and  implemented  for  the  data  used.  This  data  does  not  represent 
any  known  transformer.  In  the  generator  and  transformer  results  section 
plots  of  several  parameters  are  shown  as  an  illustration  of  operating 
characteristics  of  the  model. 

The  generator  and  transformer  models  have  been  successfully  linked  to 
form  a  small  isolated  power  system.  A  listing  of  the  SCEPTRE  program  for 
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this  system  is  shown  in  Appendix  (D  ).  it  should  be  noted  that  this  trans 
former  does  not  match  the  generator  terminal  characteristics.  In  addition 
the  transformer  data  do  not  represent  a  Known  transformer. 

No  attempt  has  been  made  to  model  the  generator,  transformer,  and 
electronic  circuit  since  compatible  data  were  not  available. 


SECTION  IV 


THE  RESONANT  CHARGING  CIRCUITS 

4.1  OBJECTIVE 

This  part  of  the  project  was  the  development  of  computer  program  models 
of  the  ac  and  the  dc  resonant  charging  circuit  which  are  to  be  the  possible 
alternative  loads  on  the  generator  and  transformer  discussed  in  earlier 
sections.  The  characteristics  of  the  series  RLC  resonant  circuit  are  well 
known  (Reference  22)  and  the  sequence  of  switching  events  are  defined  by 
prior  knowledge  of  the  particular  application.  Thus,  the  work  reported  here 
involved  developing  an  SCR  model  that  would  adequately  represent  turn  on  and 
turn  off  characteristics  in  resonant  charging  circuits,  using  the  SCR  models 
in  both  ac  and  dc  charging  circuits  and  extending  the  range  of  the  models  using 
compensation  and  series  and/or  parallel  operation  of  the  device  models. 

The  final  model  is  in  SCEPTRE  since  it  must  be  compatible  with  the 
generator  and  transformer  models.  Further,  the  practical  feature  of  obtaining 
model  parameters  from  manufacturers'  data  sheets  is  maintained. 

The  developments  are  based  on  previous  work  done  in  SPICE  2  with  neces¬ 
sary  modifications  and  conversions  to  SCEPTRE.  Much  of  the  preliminary 
development  work  was  done  in  SPICE  2  since  it  is  more  efficient  in  electronic 
circuit  applications.  It  was  necessary  to  modify  existing  SCR  models  and  to 
include  snubber  circuits  to  assure  proper  model  performance  in  this  high 
power  resonant  charging  application. 

4.2  THE  SCR  MODEL  IN  SPICE  2 

The  SCR  model  was  developed  starting  with  the  SPICE  2  model  shown  in 
Figure  8.  Figure  9  shows  the  SPICE  2  SCR  model  equivalent  circuit.  Some 
parameters  not  shown  are  given  SPICE  2  built  in  default  values. 
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cathode 


FIGURE  9.  THE  SPICE  2  SCR  MODEL  EQUIVALENT  CKT 


When  using  the  SPICE  2  BJT  and  DIODE  MODELS,  there  are  a  large  number 
of  parameters  that  may  be  specified  (28  for  the  BJT,  14  for  the  Diode). 

W.  Ki  and  C.  Hu  have  developed  a  method  of  determining  11  of  these  parame¬ 
ters  from  SCR  specification  sheet  data  (Reference  34).  A  summary  of  this 
method  is  given  later  along  with  modifications  to  the  method  of  Ki  and  Hu. 

The  10  circuit  components  of  Figure  9  are  described  by  the  following 
equations  in  which  any  SPICE  2  default  values  used  in  the  model  have  been 
applied  to  the  equations,  (e  =  Einstein's  Relation  *  0.9259  V  at  300°K) 
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(51) 


O-Vor  ) 


-.5 


(52) 


Rshunt  "  Rshunt 


(53) 


From  these  10  equations,  one  develops  the  following  list  of  parameters  that 
must  be  provided  in  order  for  the  SPICE  2  model  to  function.  These  are 
shown  in  Table  1 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 


9. 

10. 

11. 

12. 


Rshunt 


TABLE  1.  Parameters  to  be  determined  for  the  "Hu-Ki  Method"  in 
implementing  the  two  transistor  SCR  Model  in  SPICE  2. 
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tzt: 


Table  2  lists  the  model  elements,  the  critical  model  parameters  required 


t.  - 
I- 


f  i  ■ 

c 


by  Equations  (44-53),  and  the  manufacturers  specifications  from  which  these 
can  be  calculated.  Table  3  lists  numerical  values  for  a  particular  SCR. 


Model 

El ement 

Critical 

Model 

Parameters 

Obtainable  From 

>H  1st  lr  (‘on'  VT  Ron  VB0  W  ‘q 

R 

R  "  Rshunt 

X 

D 

BV  *  VB0 

X 

1 

“1  3  “R1 

TF1 

XS1 

RE1 

tR1 

X  X 

X 

XX  X 

X 

X 

■ 

XS2 

Cjc2 
=  0.9 

XX  X 

X  (x)  X 

TABLE  2.  Model  Elements  and  Critical  Parameters  for  the  "Hu-Ki  Model" 


Note:  3  = 


_  a 


I  -a 


Isdiode  *  Isl  Is2 


Each  of  the  critical  model  parameters  may  be  calculated  from  one  or  a  combina¬ 
tion  of  the  thyrsi  tor  specifications  as  shown.  All  other  model  parameters  may 
be  left  unspecified.  IH:  holding  current,  IqT:  gate  trigger  current,  tp: 
rise  time,  tQn:  turn-on  time,  Vj  and  RQn  are  from  the  on-state  I-V  charac¬ 
teristics:  V  =  Vy  +  IRQn,  V0q:  forward  break-over  voltage,  o-j :  current  gain 

of  transistor  1,  RF1 :  emitter  resistance  of  transistor,  forward  transit 

qVBE/kT 

time,  Cjc:  collector  junction  capacitance,  I$:  Ic *  I$  e  ,  etc.  (Table  2 

is  taken  from  Reference  35  p.  175). 
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From  the  same  reference  the  "Hu-Ki"  nine  step  procedure  for  calculating 
these  parameters  not  defaulted  is  given  below 

Part  I:  "normal  model"  characteristics: 

Step  1.  Given  Igy,  find  R  from  R  =  0.75(V)/Iqj 

Step  2.  Set  a2  =  0.9  or  0.95 

Step  3.  Given  I H  and  ^T*  find  a-j  from 

-  1  +  I(3T 

If  >  0.9,  set  a-j  =  0.9.  Find  aR1  from  aR1  =  aj. 

Step  4.  Given  tr  and  a-j,  a2  from  Steps  1,  3,  find  tf1  from 

XF1  =  ^1^2  ”  P] ) 

Step  5.  Given  Vy,  find  Isl,  I$2  from 

-{VT  +  0.74)/0.11 

IS1  *  IS2  -  10  (A) 

Step  6.  Given  RQn,  find  R^  from  R^  =  RQn 

Part  II.  "failure  mode"  characteristics: 

Step  7.  Given  tq,  find  xR1  from  tr1  =  9tq 

Step  8.  Given  IR,  dv/dt,  t  (if  only  tr  given,  assume 

t-„  =  3t„/2)  find  C .  9  from 
on  r'  '  jet 

Cjc2(f)  *  o.«iH(A) 

Step  9.  Given  VBq,  find  diode  BV  from  BV  =  VRq. 
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Data  sheet 
specif i cations 

Model 

parameters 

>H  • 

100  mA 

R  = 

9.375ft 

‘gt  = 

80  mA 

following 

“2  = 

0.9 

‘r  * 

3.6  yS 

proposed 

procedure 

al  = 

alR  =  0,9 

VT  * 

1  .IV 

TF1  = 

17.8  ys 

Ron 

0.005ft 

*S1  = 

!S2  =  10"16‘65a 

VB0  = 

2700V 

- ► 

RE1  = 

0.005ft 

ii 

?|-o 

500V/yS 

TR1  = 

1125  ys 

ft 

-O 

II 

125  ys 

Cjc2  = 

4000  pF 

BV  = 

2700V 

TABLE  3.  Values  for  the  GE  C602  LM  SCR  Model  Using  the 
"Hu-Ki  Method". 

4.3  THE  MODIFIED  HU-KI  MODEL  OF  THE  SCR  FOR  SPICE  2 

Using  the  "Hu-Ki  Model"  for  SPICE  2  a  simulation  of  an  ac  resonant 
charging  simulation  was  run  using  parameters  for  a  GE  C602  LM  SCR.  The 
circuit  of  Figure  10  was  used  and  the  results  are  shown  in  Figure  12.  The 
results  show  a  proper  triggering  and  normal  operation  until  the  turn  off  or 
commutation  interval.  Here  erratic  high  amplitude  oscillations  are  noted 
in  the  SCR  current  instead  of  the  expected  low  amplitude  oscillations  which 
are  quickly  damped  out.  Further  noted  is  the  enormously  high  base-emitter 
voltage  of  the  NPN  transistor.  This  voltage  was  also  erratic  in  behavior 
indicating  that  nearly  all  the  primary  current  was  being  carried  by  R$HUNT 
during  periods  of  reverse  current. 


lue  voltage  source  which  provides  Klliixl  of  simulating  a  test  point  in  SPICE2 


FIGURE  11.  SPICE  2  SIMULATION  OF  THE  AC  RESONANT  CHARGING  CIRCUIT  OF  FIGURE  10 


The  problems  noted  in  this  simulation  appeared  centered  on  the  "Hu-Ki 
Method"  SCR  model's  ability  to  simulate  the  SCR's  turn-off  transient  behavior. 
This  conclusion  was  supported  by  the  results  given  by  Hu  (Reference  35)  which 
noted  the  models  SCR  turn-off  transient  simulation  required  additional  de¬ 
velopment. 

Modifications  to  the  Hu-Ki  model  were  made  to  provide  better  simulation 
of  the  reverse  transient  behavior.  Modifications  were  limited  to  those 
necessary  to  simulate  gross  behavior  of  the  device  with  minor  effects  unsimu¬ 
lated.  The  modified  model  is  shown  in  Figure  12  and  and  the  following 
paragraphs  define  the  required  changes.  Also  refer  to  Figure  13  for  identi¬ 
fying  particular  junctions.  Since  SPICE  2  has  no  capability  to  simulate  a 
junction  breakdown  in  its  transistor  model,  then  a  diode  (for  which  breakdown 
is  modeled  in  SPICE  2)  must  be  added  in  parallel  with  J3.  J3  is  the  base- 
emitter  junction  of  Q2  in  the  "Hu-Ki  Model".  Addition  of  this  diode  is 
illustrated  in  Figure  12  as  DJCTN1 . 

SCR  specification  sheet  data  frequently  specifies  a  maximum  reverse  gate 
voltage.  This  limitation  of  -Vq  gives  an  indication  of  the  J3  breakdown 
voltage.  If  this  specification  is  given,  then  set  the  breakdown  voltage  of 
DJCTN1  (VBQ)  equal  to  1.1  x  maxI-Vg)  otherwise  use  VBQ  «  5V. 

' 1 .1  x  max{-VQ}' 

VB0  (54) 

buD0CTN1  or  5V 

[.Reference  36,  p.  87] 

To  minimize  influence  of  the  diode  on  forward  biasing  of  the  Q3  base-emitter 

junction,  set  the  saturation  current  of  the  diode  (Ic  )  to  less  than  10% 

^DJCTNl 

of  the  Q,,  saturation  current  (S«.  of  Table  2) 

-  2 

U  <0.1  I«.  (55) 

uJCTNl  *2 
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ANODE 


FIGURE  12.  "MODIFIED  HU-KI  MODEL"  OF  THE  SCR  FOR  SPICE2. 
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FIGURE  13.  SCR  REPRESENTATION  SHOWING  JUNCTION  CAPACITANCES  AND 
POLARITY  OF  CHARGE  DURING  SCR  ON  STATE. 


Two  further  corrections  are  needed  in  the  model.  Adding  a  depletion 

layer  capacitance  term  to  Equation  (47)  will  allow  the  inductive  energy  to 

/ 

be  stored  in  J-|  without  reaching  excessive  reverse  V^K  Vh  a  properly  de¬ 
signed  circuit.  Equation  (47)  becomes*  / 


(56) 


depletion 
layer  term 

In  the  event  that  junction  breakdown  voltage  should  be  exceeded,  then  a 
diode  ((DJCTN2)  in  Figure  12)  may  be  added  in  parallel  with  the  emitter- 
base  junction  of  . 

With  this  result,  three  more  parameters  must  be  supplied  to  the  model. 

fi°-5Coc2l 


(57) 


where  CJC  is  that  determined  in  Step  8  of  the  "Hu-Ki  Method". 
J2  are  typically  reasonably  similar  junctions  [Reference  37] 


Since  J-j  and 


I<.  <  0.1  I<.  (I<.  from  Step  5  of  the  "Hu-Ki  Method")  (58) 

5DJCTN2  51  *1 

VRn  VRn  (VRn  from  Step  9  of  the  "Hu-Ki  Method").  (59) 

BUDJCTN2  =  BU  BU 

As  with  0JCTN1  discussed  earlier,  care  must  be  taken  to  avoid  the  diode  in¬ 
fluencing  the  forward  characteristics  of  the  Qj  emitter-base  junction. 


Note:  The  addition  of  DJCTN2  is  purely  optional  in  that  it  only  models  a 
failure  of  the  SCR  during  a  reverse  transient. 


For  the  final  modification  the  saturation  current  through  diode  DFOR  must  be 
adjusted.  This  diode  provided  in  the  "Hu-Ki  Model"  to  simulate  the  high 


voltage  turn-on  of  an  SCR  is  conveniently  in  position  to  allow  control  of  the 

recombination  interval  of  the  commutation  time  while  maintaining  low  values 

of  principal  current.  To  do  this,  the  saturation  current  of  DFOR,  Ic  , 

5DF0R 

must  be  made  much  greater  than  the  saturation  currents  of  Q-j  and  Q2 

(I«.  and  Ic  respectively). 

*1  52 


I c  Ip 

bDF0R  H 


(60) 


The  "Hu-Ki  Model"  uses  the  SPICE  2  default  value  of  10"14  for  I,. 

^DFOR 

Since  Step  5  of  the  "Hu-Ki  Method"  is  used  to  determine  I,,  and  Ic  , 

*1  52 

it  is  evident  that  the  condition  of  Equation  (60)  may  not  always  hold 
by  the  "Hu-Ki  Method". 

One  way  of  improving  the  model  would  be  to  assign  Ic  some  arbitrarily 

bDF0R 

greater  value  than  Ic  and  I<.  .  For  example,  let  I«.  =  103  x  Ic  .  Then 

51  52  bDF0R  bl 

adjust  the  diffusion  capacitance  term  (via  xD  of  Equation  48)  to  meet  the 

R1 

commutation  time  criteria.  An  alternative  method  is  to  preset  the  diffusion 

capacitance  term  then  determine  some  method  of  selecting  an  appropriate 

I<.  .  Since  the  "Hu-Ki  Method"  provides  the  diffusion  capacitance  term 

^DFOR 

(i.e.  td  ),  then  the  latter  approach  is  selected  here. 

K1 

Using  Figure  14  for  illustration,  the  following  discussion  presents  an 

analytic  method  of  determining  an  appropriate  value  for  I<.  using  two 

*DF0R 

network  constraints  as  apply  to  Figure  14. 


AK  =  VJ1  +  VJ2  +  VJ3  =  VEB1  +  VBC]  +  VBE2 

(61) 

DFOR  =  al!A  “  ^  "  “2^^"  V 

(62) 

Noting  that  Ic  *  I-  ,  e  =  0.0259V  @  300°K  then: 
bl  *2 
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FIGURE  14.  SPICE2  SCR  MODEL  BASED  ON  "HU-KI  METHOD' 


S  e  6  (63) 


gives: 


and  Equation  (62)  gives 


Referring  to  Figure  15  which  gives  the  V-I  characteristic  of  a  SCR,  the  known 

point  (IH  ,  VH)  available  from  the  specification  sheet  data  may  be  used  to 

develop  the  relation  between  I,.  AND  Ic. 

5DF0R  5 

Using  Equations  (61),  (64),  (66),  (68), 


(69) 

Now  at  1^  =  IH,  1^  =  Iqj  a  specification  sheet  value. 
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Substitution  into  Equation  (69)  gives 

'SDF0R  =  6XP  T  '  “  fe]  •  “  [^TT1]  +  ‘"'“i'h-  (’  -c.2)(IH-  IGT»  <7°) 

With  the  development  of  Equation  (70)  the  parameters  I<.  may  now  be 

^DFOR 

provided  to  the  SPICE  2  SCR  model  bringing  the  total  to  17  parameters 
(15  if  DJCTN2  is  omitted). 

This  modified  Hu-Ki  model  is  used  in  the  SPICE  2  simulations  that  follow 
in  later  sections. 

4.4  THE  SCR  MODEL  IN  SCEPTRE 

SPICE  2  is  a  fast,  efficient,  user  oriented  circuit  analysis  program; 
however,  SCEPTRE  provides  additional  versatility  for  non-linear  network 
simulation  through  its  subprogram  capabilities.  Also,  SPICE  2  has  built  in 
models  for  transistors  and  diodes.  The  SCR  model  in  SPICE  2  was  constructed 
to  the  constraints  of  those  models.  SCEPTRE  does  not  have  built  in  models, 
but  it  does  have  programming  constraints  which  should  be  observed  to  effect 
good  efficient  modeling.  To  achieve  the  expanded  versatility  of  SCEPTRE, 
the  SPICE  2  SCR  model  is  reconfigured  to  a  SCEPTRE  SCR  Model.  The  "modified 
Hu-ki"  parameter  determination  technique  for  SPICE  2  is  adapted  for  use  with 
this  SCEPTRE  SCR  Model. 

4.4.1  Reconfiguration  of  the  SPICE  2  SCR  Model  Into  a  SCEPTRE  SCR  Model 
As  mentioned  previously  SCEPTRE,  while  having  no  built  in  model  con¬ 
straints,  does  have  programming  constraints  to  which  modeling  must  adhere. 

The  constraints  of  particular  importance  in  converting  the  SPICE  2  SCR  Model 
configuration  to  a  SCEPTRE  SCR  Model  configuration  are  as  follows. 

1.  Semiconductor  PN  junctions  should  be  modeled  as  primary  dependent 
current  sources  using  the  DIODE  EQUATION  special  value  expression 
of  the  SCEPTRE  input  format. 
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2.  Primary  dependent  current  sources  should  have  a  capacitor  in 
parallel  so  that  the  independent  variable,  capacitor  voltage,  will 
be  a  state  variable. 

3.  All  capacitors  inserted  in  the  model  to  satisfy  2  should  be  as 
large  as  possible  to  avoid  unnecessarily  small  time  steps. 

4.  Injected,  collected,  or  breakdown  currents  should  be  modeled  as 
secondary  dependent  current  sources  as  defined  in  the  SCEPTRE 
input  format. 

Constraints  1  through  4  result  in  a  substantially  larger  equivalent 
circuit  network  for  the  SCR  Model  in  SCEPTRE  than  for  the  model  in  SPICE  2. 
Two  transistor  models,  a  PNP  and  a  NPN,  are  connected  in  a  regenerative 
feedback  configuration  to  effect  the  SCR  switching  action.  In  order  to 
satisfy  the  programming  constraints  1  through  4,  the  transistor  model  is  the 
injection  configuration  of  the  modified  Ebers-Moll  model  [Reference  37,38] 
and  the  CgE  of  the  NPN  transistor  may  not  be  neglected  as  it  was  for  SPICE  2. 
Figure  16  shows  the  SCEPTRE  equivalent  circuit  for  the  SCR.  IDFqr  which 
reflects  the  diode  DFOR's  (of  the  SPICE  2  Model)  forward  conducting  charac¬ 


teristics,  but  provides  no  reverse  breakdown  simulation  capability.  Therefore, 
to  simulate  SCR  high-voltage  break-over  in  SCEPTRE,  the  secondary  dependent 
current  source  Igp  is  added  to  the  model.  To  simulate  the  reverse  breakdown 
of  the  gate  to  cathode  junction  during  turn-off,  IBD  is  used  instead  of 
DjCTNl  of  the  SPICE  2  SCR  Model.  The  SCEPTRE  SCR  Model  is  functionally 
complete  at  this  point;  however,  to  avoid  computational  delays,  RA  and  RC 
are  high  value  resistors  added  to  meet  SCEPTRE  programming  requirements. 

Figure  16  give  the  SCEPTRE  SCR  equivalent  circuit.  Figure  17  and 
Figure  18  put  this  circuit  in  SCEPTRE  format  and  terminology  and  at  the  same 
time  reduces  the  number  of  elements  required.  Table  4  summarizes  the 
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relationships  in  the  three  figures.  The  reduction  in  the  number  of  elements 
is  achieved  by  parallel  combinations  of  capacitors  and  parallel  combinations 
of  current  sources.  The  identities  of  the  primary  dependent  current  sources 
are  retained. 

Note  Figure  18  also  includes  a  snubber  circuit  usually  included  to 
protect  SCR's  from  transients. 

Table  5  lists  all  the  elements  of  the  SCEPTRE  3-Junction  SCR  Model  of 
Figure  18  with  optional  snubber.  The  elements  are  listed  in  appropriate 
SCEPTRE  input  format,  and  are  defined  in  generalized  parameters.  The  method 
of  computing  these  generalized  parameters  is  discussed  in  Section  4.4.2. 

4.4.2  Determination  of  Parameters  For  The  SCEPTRE  3-Junction  SCR  Model. 

The  procedure  for  determining  parameters  for  the  SCEPTRE  3-Junction 
SCR  Model  of  Figure  18  is  an  adaptation  of  the  "Modified  Hu-Ki"  procedure 
used  for  determining  parameters  for  the  SPICE  2  2-Transistor  SCR  Model 
discussed  in  Section  4.2,  4.3  of  this  report.  The  adaptation  consists 
primarily  of  adjusting  SPICE  2  model  parameters  to  reflect  the  reconfigura¬ 
tion  of  the  SPICE  2  2-Transistor  SCR  Model  into  the  SCEPTRE  3-Junction  SCR 
Model . 

Table  6  sumnarizes  the  entire  procedure  for  determining  parameters  for 
the  SCEPTRE  3-Junction  SCR  Model  of  Figure  18. 

Using  the  procedure  described  in  Table  6,  the  parameters  for  the  GE  C602 
LM  SCR  are  calculated  and  tabulated  in  Table  7. 

The  model  description  as  entered  in  a  SCEPTRE  input  deck  is  listed  in 
Figure  19.  In  order  for  the  model  to  function  properly  as  listed,  two  special 
subroutines,  FCJ  and  FBD  must  be  provided  in  the  input  deck.  These  sub¬ 
routines  are  listed  in  Figure  20  and  Figure  21  respectively. 
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ANODE 


FIGURE  17.  THE  SCEPTRE  3- JUNCTION  SCR  MODEL  NETWORK  REPRESENTATION  with  elements  defined 
according  to  SCEPTRE  element  name. 

*  (x)  denotes  network  node  designation  assigned  for  SCEPTRE  INPUT  DATA. 
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TABLE  4.  Symbol  Conversion  Chart 


Fig.  16 

Fla.  17 

fill. 

% 

R 

R 

VR, 

P3  *  JC 

J1 

JA 

JA 

s 

CA 

CA 

RA 

RA 

RA 

T1  T1 

V  *  JA 
fl 

J2 

\  +  IOFOR+  JR2 

JC 

JC 

CBC1  +  CBC2 

CC 

CC 

°Vf2 

*  JK 

•2 

J3 

'boc 

PI  *  JC 

J4 

RC 

RC 

RC 

Shunt 

RK 

RK 

cbe2 

CK 

CK 

JK 

JK 

CM 

a c 

M 

CM 

P3  *  JC 

J5 

So. 

P2  *  JK 

J6 
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TABLE  5.  SCEPTRE  SCR  Model  Circuit  Element  Description  For  The 
3- Junction  Model  of  Figure  18. 


RESISTORS 

R,  A-l  -  R 
RA.l-C  -  1.D6 
RCj  C-6  *  1.D6 
RK.G-K  *  RK 

PRIMARY  DEPENDENT  SOURCES  (PN  JUNCTIONS) 

JA  ,1-C  *  DIODE  0(IAS>  0) 

JC  ,G-C  *  DIODE  O(ICc,0) 

JK  ,G-K  -  DIODE  Q(Iks>0) 

SECONDARY  DEPENDENT  SOURCES  (COLLECTED  CURRENTS  &  REVERSE 

BREAKDOWN  CURRENTS) 

J1  ,C-1  =  P3  * JC 
J2  , C-G  «  afl  * JA 

J3  , C-G  *  af 2  *  JK 

J4  , C-G  *  PI  * JC 

J5  ,  K-G  =  P3  * JC 

J6  ,  K-G  ?  P2  * JK 

CAPACITANCES  (JUNCTION  DEPLETION  LAYER  AND  NEUTRAL  REGION 
.EXCESS  CHARGE  STORAGE  [DIFFUSION]) 

CA.l-C  «  FCJ(Tf]L,  IAS,  0,  JA,  VCA,  CJA0,  CMIN) 

CC.G-C  *  FCJ(tr1,  Ics,  0,  JC,  VCC,  CJC0,  CMIN) 

CK.G-K  »  CK 

DEFINED  PARAMETERS  (REVERSE  BREAKDOWN  MULTIPLIERS) 

PI  »  FBD(VCC , VBOC) 

P2  -  FBD(VCK.VBOK) 

SNUBBER  ELEMENTS  (OPTIONAL) 

RS  , A-2  =  VALUE  IN  OHMS 
CS  ,2-K  -  VALUE  IN  FARADS 

ALSOJEF  USING  DIODE  SNUBBER: 

JD  ,A-2  -  DIODE  Q (DIODE  SAT.  CURRENT,  THERMAL  VOLTAGE) 

CD  , A-2  -  VALUE  IN  FARADS 


i 
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TABLE  6.  Procedure  For  Determining  Parameters  For  The  SCEPTRE 
3-Junction  SCR  Model  of  Figure  18. 


STEP  1.  Obtain  the  following  nine  parameters  from  manu- 

f  22 1 

facturer's  specifications  data  .sheets . 1  J 

-  Holding  current. 

IGT  -  Gate  trigger  current. 

tr(t0n)  -  cr;  rise  time:  tQn;  turn-on  time. 

Vrj,  -  Minimum  on- state  voltage. 

R  -  On-state  resistance  (use  inverse  slope  of 

0n  £AK  vs  •  VAR  curve)  • 

VgD  -  Break-over  voltage. 

dv/dt  -  .Maximum  rate  of  rise  of  forward  blocking 
voltage. 

t  -  Circuit  commutated  turn-off  time. 

q 

VGRM  “  Maxitnutn  reverse  gate  voltage. 

STEP  2. 

RK  -  .75V/Igt  ohms. 

STEP  3. 

aR2  “  -5 

af 2  m  *9  0r  -95  IGT 

°f !  *  min  {*9  or  1  -  af2  +  } 

“Ri  =  afi 
STEP  4. 

tfx  =  (6 2  "  Dtr/1.8B1  seconds. 

afi  afj 

where:  si  *  r^;  ■  s2  * 

STEP  5. 

G  *  q/KT  =  38.61  V"1  at  300°K 
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TABLE  6.  (Continued) 


xs  = 

l0-(VT  +  .74)/.ll  ^ 

IAS  = 

Is/°fl 

Amps . 

IKS  = 

Is/af2 

Amps . 

ICS  = 

"v, 

V  Rl+V  R2  +  exP  *0 

-  An 


"  rGT 


=  WI 


S'  xcs 


STEP  6. 
R 


In  £ 


+  tn[aflIH  -  (1  -af2)(IH  -IG)] 

Amps . 

ohms . 


seconds . 


STEP  7. 

»  9t<JP3  seconds. 

STEP  8. 

CJC0  *  '•  ^H^con/ ^dV/ dt))*5  farads. 

where:  t:  =  1.5  t„ 
on  r 

dV/dt  is  volts/second. 

cJAo  *  { • 5Cjc0  s  Cj/^  <  Cjc0)  farads. 

CK  i  Cjcq  farads . 

STEP  9‘. 

VBOC  =  VB0  volts. 

VBOK  "  VGRM  (*or  5V  if  not  Siven)  volts . 

STEP  10. 

°MiN  *  CJC0/<vB0)Ji  farads, 

or:  1.0-10 

Note:  This  precedure  adapted  from  that  presented  by  Hu  and  Ki 
in  [Reference  34], 
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TABLE  7.  SCEPTRE  3- Junction  SCR  Model  Parameters  Obtained  Using 
The  Procedure  of  Table  6  For  a  6E  C602  LM  SCR. 


RK  =  9.375 n 


Ic$  =  5.65D-15  A 


«n  =  0.5 
R2 

a*  =  0.9 
t2 

a*  =0.9 
T1 

aR,  '  °'9 

Xf  =  1.780-5  S 
T1 

e  =  38.61  V"1 


P3  =  4.4D-3 

R  =  5.D-4  ft 

Tn  =  4.95D-6  S 
K1 

CJCQ  =  4-D“9  F 

CjAq  =  4-D-9  F 

CK  =  l.D-9  F 


Is  =  2.239D-17  A 


VB0C  =  2,703 


1^  =  2.488D-17  A 


VB0K  =  5' 


1^  =  2.488D-17  A 


CMIN  =  1,D"10 


TABLE  8.  Manufacturer's  Specifications  For  a  GE  C602  LM  SCR  And 
SCEPTRE  Computer  Simulation  Specification  Predictions. 


Manufacturer's 


cations 


SCEPTRE 


simulation  value 


3.6  ys  (5.4  ys) 

4  ys  (7  ys  ) 

1  .IV 

1  .IV 

2700V 

2700V 

G.T.500V/ys 

G.T.500V/yS 

L.T.125  ys 

L.T.125  ys 

0 


MOOEL  DESCRIPTION 
MODEL  SCR(A-G-K) 

THIS  MODEL  IS  CALLED  THE  3-JUNCTION  SCR  MODEL  FOR  SCEPTRE.  IT  IS  DEVEL¬ 
OPED  TO  UTILIZE  A  PARAMETER  DETERMINATION  PROCEEDURE  WHICH  IS  BASED  ON 
THE  MODIFIED  HU-KI  PROCEEDURE  OF  PARAMETER  DETERMINATION  FOR  THE  2-TRAN¬ 
SISTOR  SCR  MODEL  FOR  SPICE2. 

THIS  MOOEL  IS  REFERED  TO  AS  THE  THREE  JUNCTION  MODEL  SINCE  ALL  SECOND¬ 
ARY  DEPENDENT  CURRENT  SOURCES  ARE  REFERENCED  TO  THREE  PRIMARY  DEPENDENT 
CURRENT  SOURCES  ( PN  JUNCTIONS). 

UNITS:  OHMS,  FARADS,  HENRIES,  SECONDS,  AMPS,  VOLTS 

ELEMENTS 

R,A-1=5. 0-3 

RA, 1-C=1 .06 

RC, C-G=1 . 06 

RK,G-K=9. 375 

JA, 1 -C=D I  ODE  0(2.4880-17, 38.61 ) 

JC,G-C=OIODE  Q(5.65D-15, 38.61 ) 

JK,G-K=OIODE  Of  2.4880-17, 3A. 61 1 

J  1 ,  C- 1  =4 . 4D-7*JTT 

J2,C-G=.9*JA 

J3,C-G=.9*JK 

J4,C-G=P1*JC 

J5,K-S=4.4D-3*JC 

J6,K-G=P2*JK 

CA,1-C=FCJ(1.780-5,2.4880-l7,38.61,JA,VCA,4.D-9,1.0-9) 

CC, G-C=FCJ( 4. 950-6,5. 650-15, 38. 61, JC,VCC, 4. D-9,1.D-9) 

CK, G-K=4. 0-9 
RS,A-2=10. 

CS,2-K=. 10-6 
DEFINED  PARAMETERS 
P1=FBD(VCC, 2. 703,5.650-15) 

P2=FBD(VCK, 5. .2.4880-17) 

OUTPUTS 

VCA.VCC.VCK, PLOT 


FIGURE  19.  SCEPTRE  INPUT  LISTING  FOR  A  GE  C602  LM  SCR  MODEL 
USING  THE  PARAMETERS  OF  TABLE  7  IN  THE  MODEL 
NETWORK  OF  FIGURE  18. 
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.  DOUBLE  PRECISION  FUNCTION  FCJ { TAU, I S, THT, J, VC, CJO, CMI N ) 

C  SUBROUTINE  FCJ  CALCULATES  THE  NON-LINEAR'  INCREMENTAL  CAPACITANCE  ASSOCIATED 
C  WITH  THE  CHARGE  STORAGE  OCCURRING  ABOUT  A  PN  JUNCTION.  IF  THE  JUNCTION  IS 
C  FORWARD  BIASED  THE  DEPLETION  LAVER  TERM  IS  HELD  CONSTANT  WHILE  THE  DIFFUSION 
C  CALCULATED.  CONVERSELY  IF  THE  JUNCTION  IS  REVERSE  BIASED  ONLY  A  DEPLETION 
C  TERM  IS  CALCULATED.  FOR  A  REVERSEO  BIASED  JUNCTION  THE  CAPACITANCE  IS  LIMITED 
C  TO  A  MINIMUM  VALUE,  CM1W,  TO  AVOID  UNREASONABLY  SMALL  TIME  CONSTANTS  IN  THE 
C  CIRCUIT  SIMULATION.  PARAMETERS  ARE;  TAU  *  THE  EXCESS  CARRIER  LIFETIME  IN  THE 
C  NEUTRAL  REGIONS  ABOUT  THE  JUNCTION,  IS  *  JUNCTION  SATURATION  CURRENT.  THT  = 

C  EINSTEIN’S  CONSTANT  (Q/KT  =  38.61  6  300  DEG  K.),  J  =  CURRENT  SOURCE  SIMULATING 
C  THE  PN  JUNCTION  FOR  WHICH  CAPACITANCE  IS  BEING  CALCULATED,  VC  =  VOLTAGE  ACROSS 
C  CAPACITOR  WHOSE  VALUE  IS  BEING  CALCULATED,  CJQ  =  ZERO  BIAS  VALUE  OF  THE 
C  DEPLETION  LAYER  CAPACITANCE,  CM  IN  =  MINIMUM  VALUE  OF  JUNCTION  CAPACITANCE  TO 
C  BE  ALLOWED. 

IMPLICIT  REAL#8( A-Z) 

I F(VC.GT.O. )  GO  TO  10 
FCJ=CJO/( 1 .-VC)**. 5 
I F( FCJ .GE.CMI N)  RETURN 
FCJ=CMIN 
RETURN 

10  FCJ=TAU*THT*(J+IS)+CJO 
RETURN 
END 


FIGURE  20.  SPECIAL  SUBROUTINE  FCJ  USED 
TO  CALCULATE  NON-LINEAR 
JUNCTION  CAPACITANCES  OF  THE 
SCEPTRE  3-JUNCTION  SCR  MODEL. 


DOUBLE  PRECISION  FUNCTION  FBD(VJ,VBD,  IS)  uniTArr  nr  a  PN 

FBD  ISA  SUBROUTINE  TO  DETERMINE  IF  THE  REVERSE ,2R»AER?t? d/?pbAto  rFF^FCT 
JUNCTION  HAS  BEEN  EXCEEDED  ANO  I F  SO  t0_£ALCU}jATE  A  i  FR^^USED  AS  THE^ 
awai  ANfur  PilRRFNT^  IN  THE  PN  JUNCTION.  THIS  MULTIPLIER  IS  USED  AS  Irlc 

COEFFICIENT  OF  A  SECONDARY  DEPENDENT1  CURRENT  SOURCE 1  pm^uncT  PARAMETERS 

srjj  ?E;KSmor«;o!osu?si  sst&“  tsi  ajis'VTisr 

0F  ♦Si’BSWSl  avalanche’breakdown^kulti  pij  er^Istheoret , C.^VJSP„SSE0  AS 

implic'it  REAL#8( A-Z) 

I  F  ( VJ .  GT .  (  - VBD ). )  GO  TO  10 


A= 1 00 . * ( - VBD-VJ )  • 

I F(  A. LE.40. )  GO  TO 
A=40. 

30  FBD*-OEXP( A) 

GO  TO  20 
10  FB0*0.0 
20  RETURN 
END 


30 


FIGURE  21.  SPECIAL  SUBROUTINE  FBD  USED 
TO  CALCULATE  JUNCTION  BREAK¬ 
DOWN  CURRENTS  FOR  THE  SCEPTRE 
3- JUNCTION  SCR  MODEL. 
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Computer  simulation  test  verification  of  the  model  for  a  6E  C602  LM 
SCR  is  presented  in  Table  8.  The  parameters  to  be  verified  are  listed  in 
the  table  along  with  the  manufacturer's  specified  value  and  SCEPTRE  simula¬ 
tion  results. 

NOTE 

Default  accuracy  requirements  of  SCEPTRE  may  not  always  be  adequate 
to  insure  proper  simulation  results.  Erroneous  results  are  most  likely  to 
occur  in  simulating  circuits  with  high  dv/dt  (either  forward  or  reversed) 
without  a  snubber  circuit.  Reducing  error  tolerance  under  Run  Controls  will 
solve  the  problem;  however,  longer  run  times  are  to  be  expected  for  greater 
accuracy  criterion. 

4.4.3  A  SCEPTRE  3- Junction  SCR  Model  With  a  Reduced  Number  of  Current 
Sources  In  The  Model 

Sections  4.4.1  and  4.4.2  presented  the  development  of  an  SCR  model  for 
use  in  SCEPTRE  which  is  functionally  equivalent  to  the  SPICE  2  SCR  Model  is, 
however,  quite  imposing  with  respect  to  the  number  of  elements  contained  in 
the  network  representation  of  the  model  as  given  by  Figure  18. 

A  major  objective  of  the  research  of  this  project  was  to  simulate  high 
voltage  resonant  charging  pulse  power  circuits.  Since  typical  high  power 
SCR's  have  maximum  blocking  voltage  ratings  on  the  order  of  3000V,  high 
voltage  circuits  are  developed  using  a  number  of  SCR's  in  series  to  mert 
the  voltage  blocking  requirements. 

Also,  pulse  power  circuits  may  have  a  number  of  parallel  or  anti- 
parallel  branches  each  having  several  SCR's.  The  basic  controlled  3-<|> 
rectifier  circuit  is  an  example.  In  order  to  provide  controlled  rectifi¬ 
cation  of  a  700V,  3-$  source,  typically  18  SCR's  of  3000V  blocking  capability 
might  be  employed. 
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The  problem  presented  to  simulation  of  this  type  of  circuit  using  the 
SCR  model  of  Figure  18  is  that  SCEPTRE  internal  limitations  on  the  number 
of  sources  the  program  can  accommodate  may  be  exceeded. 

This  problem  required  some  experimentation  with  SCEPTRE  capabilities 
before  a  satisfactory  solution  was  achieved.  Initially,  attempts  were  made 
to  formulate  each  of  the  three  junction  currents  as  a  mathematical  equivalent 
to  the  total  of  the  sources  in  parallel  representing  each  junction.  This 
approach  was  in  violation  of  the  SCEPTRE  suggested  programming  constraints 
listed  in  Section  4.4.1.  Not  only  was  the  mathematical  formulation  rather 
imposing,  but,  the  end  result  was  that  an  exact  formulation  of  the  model  of 
Figure  18  as  three  current  sources  resulted  in  the  following. 

1.  Run  times  for  identical  problems  increased  in  some  cases  as 
much  as  200%  to  300%. 

2.  The  failure  to  adhere  to  constraints  1  through  4  of  Section  4.4.1 

made  initial  conditions  solutions  available  only  through  the 

transient  approach,  i.e.  using  RUN  IC  VIA  IMPLICIT.  Without 

special  operator  input,  the  effects  of  this  on  CPU  time  to 

calculate  initial  conditions  was  drastic.  Even  small  networks 

were  observed  to  require  as  much  as  15  mins.  CPU  time  to 

complete  initial  conditions  solutions.  Long  CPU  times  resulted 

-30 

due  to  the  extremely  small  time  step  required  (less  than  10"  sec.) 
to  handle  the  steep  transients  of  the  nonlinear  circuit  elements 
such  as  junction  capacitances  and  due  to  the  large  number  of  multiple 
operations  necessary  in  each  iteration  necessary  to  calculate 
values  of  the  junction  current  sources  described  by  the  long  and 
complex  match  expressions  defining  the  sources. 
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The  primary  and  secondary  dependent  current  source  approach  to  defining 
junction  relationships  as  shown  in  Figure  18  is  inherently  more  efficient. 
The  reason  being  that  a  lelatively  simple  non-linear  expression  defines  the 
primary  dependent  current  source  thereby  minimizing  the  number  of  multiply 
operations  by  the  computer.  Secondary  dependent  current  sources  are  either 
linear  or  simple  non-linear  multiples  of  the  primary  dependent  current 
sources.  In  the  case  of  non-linear  secondary  dependence,  SCEPTRE  offers  the 
use  of  subroutines.  Through  this  device,  logic  statements  may  be  used  to 
test  the  need  for  non-linear  versus  linear  secondary  dependence  before 
initiating  the  calculation.  For  these  reasons,  the  model  of  Figure  18 
having  a  larger  network  was  judged  superior  to  a  three  current  source  model 
using  a  mathematical  equivalent  formulation  to  the  nine  current  source 
model  of  Figure  18. 

A  second  approach  was  then  conceived  to  effect  the  goal  of  a  reduced 
number  of  sources  in  the  model.  This  second  approach  was  judged  successful 
and  is  summarized  as  follows: 


1. 


The  secondary  dependent  current  sources,  J1  and  J5  are 


equivalent  to  oR^  •  IR^  and  aR^ 


ID  of  Figure  16.  It  is 
r2 


most  easily  visualized  through  the  2- transistor  basis  of  the 


model  of  Figure  16  that  these  two  current  sources  model  third 
quadrant  operation  of  the  PNP  and  NPN  transistor  respectively. 
Since  even  at  high  currents,  the  SCR  center  junction  (JC  of 


Figure  18)  and  IR^ 


+  XDF0R  +  !R2 


of  Figure  16  reaches  a  sub¬ 


stantially  lower  forward  biased  state  than  do  the  outer  junctions 


OA  and  JK,  then  it  is  reasonable  to  neglect  the  J1  and  J5 
secondary  dependent  current  sources. 


2.  The  two  secondary  dependent  current  sources,  J2  and  J3,  are 
linearly  dependent  upon  the  primary  dependent  current  sources 
JA  and  JK  respectively.  Since  the  calculation  of  both  JA  and 
JK  must  precede  the  calculation  of  J1  and  J3  due  to  the  SCEPTRE 
calculation  procedure,  then  a  simple  simulation  of  J1  and  J2  into 
a  single  source  seemed  reasonable  although  SCEPTRE  literature 
seemed  to  exclude  this  possibility  [Reference  41  p.l 3]  the 
approach  seemed  feasible,  however. 

3.  The  secondary  dependent  current  sources  J4  and  J6  used  to  model 
junction  breakdown  were  handled  by  a  more  novel  approach.  Con¬ 
sidering  the  DIODE  EQUATION  (XI,  X2)  special  value  expression  used 
in  SCEPTRE  to  define  primary  dependent  current  sources  modeling 

PN  junctions,  the  parameters  XI  and  X2  are  presented  in  SCEPTRE 
users  literature  to  be  constants.  XI  represents  the  diode 
reverse  saturation  current,  and  X2  represents  the  junction 
thermal  voltage.  Since  classical  PN  junction  theory  expresses 
the  PN  junction  reverse  saturation  current  as  a  function  of  the 
junction  voltage,  then  it  was  deemed  desirable  to  express  XI  as 
a  function  of  the  junction  voltage. 

Again  SCEPTRE'S  calculation  heirarchy  was  used  to  effect 
this  result.  Defined  parameters  are  the  first  quantities  calcu¬ 
lated  at  the  beginning  of  each  time  step  and  are  then  provided 
to  the  network  as  constants.  Also  defined  parameters  may  be 
evaluated  through  the  subroutine  capability,  thereby  allowing  a 
logical  test  to  be  made  before  consuming  CPU  time  to  evaluate 
functions. 
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With  this  approach,  J4  and  J6  were  eliminated  from  the  model  and 
the  PN  Junction  breakdown  capability  was  developed  by  developing 
a  function  relationship  for  XI  through  the  defined  parameter 
technique. 

It  is  noted  that  the  success  of  this  approach  will  also  admit  the 
possibility  of  semiconductor  thermal  behavior  studies  through  developing  a 
functional  relationship  for  the  thermal  voltage  parameter  X2.  Also  a 
functional  relationship  for  X2  would  permit  distinction  between  high  level 
and  low  level  injection  and  0  variations. 

The  result  of  the  modifications  just  summarized  is  the  model  network 
illustrated  in  Figure  22.  It  has  four  dependent  current  sources  versus  the 
nine  dependent  sources  of  the  model  network  shown  in  Figure  18. 

Table  9  gives  a  generalized  listing  of  the  element  descriptions  in 
SCEPTRE  input  format  for  the  SCR  model  of  Figure  22. 

The  parameters  for  the  reduced  3-Junction  SCR  model  of  Figure  22  are 
determined  by  the  procedure  of  TABLE  6  in  exactly  the  same  manner  as  the 
parameters  for  the  3-Junction  SCR  Model  of  Figure  18.  The  only  difference 


being  that  the  aR  and  aR  parameters  of  step  3  and  the  P3  parameter  of 
step  5  are  not  required  for  the  reduced  3- Junction  model  of  Figure  22. 


A  SCEPTRE  model  description  for  a  GE  C602  LM  SCR  model  is  given  in 
Figure  23,  a  special  subroutine  FIS  required  to  evaluate  defined  para¬ 
meters  PX1  and  PX3  of  the  reduced  3- Junction  SCR  Model  is  shown  in  Figure  24. 


Model  validation  tests  were  done  to  verify  computer  prediction  of 
manufacturers  specification  data  used  to  determine  model  parameters.  Com¬ 
puter  simulation  values  for  the  reduced  3-Junction  model  were  not  dis¬ 
tinguishable  from  those  predicted  for  the  3-Junction  model  and  tabulated  in 
Table  8. 


ANODE 


FIGURE  22.  THE  SCEPTRE  REDUCED  3- JUNCTION  SCR  MODEL  WITH  A  REDUCED  NUMBER  OF  CURRENT 
SOURCES  IN  THE  MODEL.  ( — )  model.  (--- )  optional  snubber. 


MOOEL  DESCRIPTION 
MODEL  SCR(A-G-K) 

THIS  ISA  REDUCED  ELEMENT  VERSION  OF  THE  3-JUNCTION  SCR  MODEL  DEVELOPED 
FOR  USE  WITH  SCEPTRE.  THE  PARAMETER  DETERMINATION  PROCEEDURE  FOR  THIS  MODEL 
IS  THE  SAME  AS  FOR  THE  3-JUNCTION  MODEL. 

UNITS:  OHMS,  FARAOS,  HENRIES,  SECONDS,  AMPS,  VOLTS 

ELEMENTS 

R,A-1=5.D-3 

RA, 1-C=1 . 06 

RC,C-G=1.D6 

Ptf  W-Q  17S 

JA* 1-C=OIODE  Q( 2. 4880-17,38. 61 ) 

JC,G-C=DIODE  Q( PX1 , PX2 ) 

JK,G-K=OIODE  Q( PX3, PX2 ) 

J2,C-G=X1( .9*JA+.9#JK) 

CA, 1-C=FCJ( 1 .780-5,2.488D-17,38.61,JA,VCA,4.D-9,1.D-10) 
CC,G-C=FCJ(4.95D-6,5.65D-15, 38.61 , JC, VCC,4.D-9, 1 .D-10) 

CK,G-K=1 .0-9 
RS, A-2=100. 

CS,2-K=. 10-6 

DEFINED  PARAMETERS 

PX1=F I S( 5. 650-15, VCC, 2. 703 ) 

PX2=3fl.61 

PX3=FIS(2. 4880-17, VCK, 5. ) 

OUTPUTS 

VCA, VCC, VCK, PLOT 


FIGURE  23.  SCEPTRE  MODEL  DESCRIPTION 
INPUT  FOR  A  GE  C602  LM 


DOUBLE  PRECISION  FUNCTION  F I S( I S, VJ , VBO ) 

C  SUBROUTINE  FIS  IS  USSD  TO  SIMULATE  JUNCTION  BREAKDOWN  BY  VARYING  THE 
C  SATURATION  CURRENT,  IS,  INPUT  TO  THE  DIODE  EQUATION  FOR  PRIMARY  DEPEN- 
C  DENT  CURRENT  SOURCES.  IS  =  JUNCTION  REVERSE  SATURATION  CURRENT:  VJ  = 

C  CAPACITOR  STATE  VARIABLE  VOLTAGE  FOR  JUNCTION:  VBO  =  BREAKDOWN  VOLTAGE: 
IMPLICIT  REAL*8( A-K.O-Z) 

F  I  S=  I  S 

IF(VJ.GE.-VBD)  RETURN 
A=100. *( -VBD-VJ ) 

I F(A. LE.40. )  GO  TO  10 
A=40 . 

10  FIS=!S*DEXP( A) 

RETURN 

ENO 


FIGURE  24.  SUBROUTINE  FIS  USED  TO 
CALCULATE  PX1  &  PX2  OF 
TABLE  9. 


TABLE  9.  SCEPTRE  SCR  Model  Circuit  Element  Description  For  The 
3- Junction  Mouel  of  Figure  24. 


RESISTORS 

R,A-1  «  R 

RA.l-C  -  1.D6 
RC.C-6  -  1.D6 
RK, G-K  -  RK 

PRIMARY  DEPENDENT  SOURCES  (PN  JUNCTIONS) 

JA  ,1-C  -  DIODE  Q(IAS,e) 

JC  , G-C  -  DIODE  Q(PX1 ,PX2) 

JK  ,  G-K  =  DIODE  Q(PX3 ,PX2) 

SECONDARY  DEPENDENT  SOURCES  (COLLECTED  CURRENTS  &  REVERSE 

BREAKDOWN  CURRENTS) 

J2  -  XI (of  *JA  +  af^*JK) 

CAPACITANCES  (JUNCTION  DEPLETION  LAYER  AND  NEUTRAL  REGION 
EXCESS  CHARGE  STORAGE  [DIFFUSION]) 

CA.l-C  -  FCJ(rfl,  IAS,  0,  JA,  VCA,  CJAQ,  CMIN) 

CC.G-C  =  FCJ (tr1 ,  Ics,  0,  JC,  VCC,  CJCQ,  CMIN) 

CK,G-K  -  CK 

DEFINED  PARAMETERS  (REVERSE  BREAKDOWN  MULTIPLIERS) 

PX1  -  FIS(ICS,  VCC,  VBOC) 

PX2  -  9 

PX3  -  FIS(Iks,  VCK,  VBOK) 

SNUBBER  ELEMENTS  (OPTIONAL) 

RS  , A-2  =  VALUE  IN  OHMS 
CS  ,2-K  -  VALUE  IN  FARADS 

ALSO  IF  USING  DIODE  SNUBBER: 


JD  ,A-2  -  DIODE  Q (DIODE  SAT.  CURRENT,  THERMAL  VOLTAGE) 
CD  ,A-2  -  VALUE  IN  FARADS 


SECTION  V 


CHOICE  OF  VARIABLES 


5.1  OBJECTIVE 

When  solving  systems  of  equations  using  numerical  methods  and  in  par¬ 
ticular  when  the  equations  are  non-linear,  the  choice  of  system  variables 
may  have  significant  effect  on  the  computation  time  and  or.  the  reliability 
of  the  results.  In  this  section  the  nature  of  these  effects  are  examined 
even  though  the  decision  to  use  CAD  programs  such  as  SPICE  2  and  SCEPTRE 
may  preclude  such  considerations. 

5.2  CHOICE  OF  VARIABLES 

Chua  and  Lin  (Reference  11)  have  shown  that  the  selection  of  a  certain 
set  of  state  variables  depends  on  the  nature  of  the  nonlinear  elements.  For 
a  nonlinear  capacitor  characterized  by  a  nonmonotonic  voltage-controlled  q-v 
curve,  for  example,  the  capacitor  voltage  must  be  chosen  as  the  state- 
variable.  Similary,  inductor  current  must  be  chosen  as  the  state  variable 
for  a  nonlinear  inductor  characterized  by  a  nonmonotonic  current-controlled 
A-i  curve.  However,  if  the  capacitor  and  inductor  characteristic  curves  are 
strictly  monotonic,  then  either  capacitor  voltage  or  charge  may  be  chosen  as 
the  capacitor  state  variable,  and  for  the  inductor,  the  state  variable  may 
be  chosen  as  either  inductor  flux  linkage  or  current. 

However,  it  is  shown  (Reference  12)  that  it  is  advantageous  to  choose 
capacitor  charge  and  inductor  flux  linkage  as  the  state  variables  when  a 
numerical  integration  algorithm  is  used  because  this  particular  choice  of 
state  variables  reduces  the  global  error.  Global  error  is  the  error  accrued 
over  the  finite  time  interval  during  which  the  numerical  integration  is 
performed. 

To  see  why  this  is  so,  consider  a  nonlinear  system  (Reference  12) 
modeled  by  the  equations 

x-  f(x ,  t)  x(0)  =2^  (71) 

where  the  bar  Implies  the  use  of  vectors  or  matrices. 
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To  estimate  the  growth  of  errors  over  some  time  interval,  say  time  t  =  0 
to  t  »  tf  when  solving  Equation  (71)  numerically,  consider  the  differential 
equation  which  results  when  the  initial  condition  is  perturbed  so  that 
x(0)  -*■  2^  +  Sx.(0)  =  2^  +  Sq  •  Then  from  Equation  (34)  the  perturbed  equa¬ 
tions  become 

fa  (x(t)  +  fix(t))  =  f(x(t)  +  5x(t),  t)  (72) 

<$X(0)  =  ^ 

Assuming  6x(t)  is  small  and  expanding  the  right  side  of  Equation  (72) 
by  a  Taylor  series  gives 

fa  (x(t)  +  6x(t))  s  f  (x  ,  t)  +  |=  6x(t)  (73) 

6x(0)  =  ^ 

Subtracting  Equation  (73)  from  Equation  (71)  gives 
3f 

ax  =  (~)  5x  6x(0)  =  ^  (74) 


where  the  matrix  (af/axj  is  a  time-varying  Jacobian  matrix  Jx(t).  Equation 
(74)  represents  a  linear  time-varying  system;  thus  no  simple  solution  exists. 
In  the  case  where  x  and  f  are  scalar  quantities,  the  solution  to  Equation  (74) 


is 


6x(t)  =  6Q  e 


f  0„(T)dx 
o  * 


(75) 


Equation  (75)  indicates  that  whenever  Jx(t)  >  0 


the  error  (accumulated 
at  time  t  in  the  exact  solution  to  the  scalar  version  of  Equation  (71),  due 


to  an  error  6Q  in  the  initial  condition)  actually  decreases  exponentially 


with  time.  Since  the  concern  is  the  accrued  effects  of  errors  made  at  all 


time  steps  (and  not  just  that  due  to  an  error  in  the  initial  condition), 

0,tf 

proceed  to  determine  the  accrued  error  E  ,  ie.,  the  sum  of  errors  from 


time  t  *  0  to  time  t  =  tf  .  To  this  end  it  is  assumed  that  the  error  per 


unit  time  (which  is  denoted  by  et)  is  constant.  Then  the  error  made  in  an 
interval  of  time  dt,  is  et  dt-j  .  From  Equation  (75) ,  the  growth  of  error 
for  t-j  <  t  is  given  by 


/  JY(x)di 
tpt  t, 

e  =  et  ^1  e 


°,tf 


so  that  the  accrued  error  E  at  time  t^  is  the  sum  of  the  error  originating 
for  all  times  tj  <  t^ ,  so  that 


f 


Ei  /  e 
z  o 


To  demonstrate  error  growth,  Calahan  (Reference  11)  used  the  circuit  of 
Figure  25,  where  the  nonlinear  capacitance  is  strictly  monotonic.  If  the 
state  equation  is  written  in  terms  of  the  capacitor  voltage  we  have 

(cT  +  <jeXV)  -Islexv-1);  A  =  40  (78) 

The  Jacobian  is  given  by 


xcd eXV<  Y1)  +  VeXV  ‘  1 >  (ff  +  *IseXv) 


(CT  +  cj  eXv) 


(CT  +  C°  eXv) 


where 


\  =  40 


During  switching,  when  v$  <  0  and  v  >  0,  the  first  term  shifts  the 
eigenvalue  Jy  toward  the  right  half  plane.  Indeed  if  v$  is  made  suffi¬ 
ciently  negative,  the  eigenvalue  Jy  can  be  made  as  positive  as  desired. 
Thus,  during  this  time  when  Jy  is  positive,  truncation  errors  introduced  by 
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the  integration  formula  used  will  be  amplified  according  to  Equation  (40). 

By  choosing  charge  as  the  state  variable,  the  resulting  eigenvalue  can 
be  shown  to  lie  in  tho  left  half  plane  during  switching,  so  that  truncation 
errors  will  decay  according  to  Equation  (40).  Finally,  it  should  be  noted 
that  in  the  case  of  linear  capacitors  or  inductors,  either  q  or  v  for  a 
capacitor,  or  x  or  i  for  an  inductor  may  be  chosen  as  the  state  variable 
(Reference  11). 

5.3  SCEPTRE  VARIABLES 

In  Section  VII  the  decision  to  use  the  CAD  system  called  SCEPTRE  is  dis¬ 
cussed.  Whether  SCEPTRE  or  the  other  system  considered  SPICE  2,  is  used, 
the  system  variables  are  capacitor  voltages,  inductor  currents  or  other 
variables  determined  by  the  CAD  system.  Thus,  the  decision  to  use  a  CAD 
system  represents  a  trade-off  between  ease  of  system  formulation  and  some 
control  of  integration  error  by  judicious  choice  of  system  variables. 

The  state-variables  used  in  SCEPTRE  are  capacitor  voltage  and  inductor 
current.  Both  nonlinear  capacitors  and  nonlinear  inductors  are  present  in 
the  integrated  system.  The  nonlinear  inductors  arise  naturally  in  the 
generator  and  transformer  models,  the  nonlinear  capacitors  in  the  SCR  model. 
Further,  the  nonlinear  capacitors  in  the  SCR  model  are  strictly  monotonic 
so  that  computationally  the  choice  of  capacitor  voltage  as  the  state  variable 
is  desirable.  Also,  the  nonlinear  inductors  in  the  transformer  and  generator 
model  are  strictly  monotonic  so  that  inductor  flux  linkages  are  the  preferred 
state  variables. 

While  it  has  been  rigourously  proven  that  for  nonlinear  dynamic  networks 
containing  passive  elements  and  independent  sources  it  is  desirable  to  choose 
capacitor  charges  and  inductor  flux  linkages  as  state  variables,  no  one  has 
been  yet  able  to  prove  that  the  same  criterion  applies  for  networks  contain¬ 
ing  active  elements  and  controlled  sources,  although  it  would  seem  to  apply 
(Reference  11).  In  a  system  as  complex  as  the  one  in  this  project  it  is  not 
clear  what  the  trade-off  may  have  cost  in  terms  of  integration  error. 


SECTION  VI 


NUMERICAL  METHODS  FOR  STIFF  DIFFERENTIAL  EQUATIONS 

6.1  INTRODUCTION 

In  this  section  suitable  numerical  methods  for  solving  stiff  differen¬ 
tial  equations  are  Investigated.  Stiff  means  that  the  magnitude  of  the 
largest  eigenvalue  to  the  smallest  eigenvalue  of  the  system  differs  by  many 
orders  of  magnitude.  Most  standard  methods,  such  as  the  Runga  Kutta  method, 
or  the  forward  Euler  method,  are  not  well  suited  for  solving  stiff  differen¬ 
tial  equations  (Reference  15).  This  is  because  the  step  size  in  the  forward 
Euler  method,  for  example,  is  determined  by  the  smallest  time  constant,  but 
the  number  of  iterations  required  to  reach  the  steady  state  is  determined 
by  the  largest  time  constant.  Thus,  if  the  time  constants  are  widely  sepa¬ 
rated  a  small  step  size  would  necessarily  be  employed  and  a  great  deal  of 
computer  time  would  be  spent  on  determining  the  steady-state  solution 
(Reference  16). 

6.2  INTEGRATION  METHODS 

It  has  been  shown  (Reference  16)  that  the  widely  separated  time  constant 
problem  can  be  eased  by  using  implicit  integration  algorithms,  such  as  the 
backward  Euler  and  trapezoidal  algorithms.  Typically,  the  use  of  the 
trapezoidal  algorithm  is  avoided  because  of  the  "ringing  behavior"  it  ex¬ 
hibits  when  implemented  with  a  large  step  size.  This  is  undesirable  since 
it  may  erroneously  lead  the  designer  to  conclude  the  solution  to  the  system 
is  oscillatory  (Reference  16). 

Gear  (Reference  17)  has  proposed  a  family  of  methods  of  order  p+1  which 
have  been  shown  to  be  extremely  useful  for  solving  stiff  differential  equa¬ 
tions.  These  methods  are  based  on  the  implicit  formula 

Vl  *  Vn-1  +  d*n+1 

For  p  »  0  the  backward  Euler  method  is  obtained.  The  Gear  methods  possess 
the  property  that  Re{hx}  <  -  a  for  some  small  positive  a;  that  is,  the 


method  is  stable  where  stability  is  the  prime  consideration.  In  addition, 
when  Re{hx}  >  a  they  are  accurate  (Reference  17,  18).  In  general  there  is 
a  tradeoff  between  accuracy  and  stability  for  any  numerical  integration 
method.  Choosing  a  high-order  Gear  method,  for  example,  increases  the 
accuracy  (ie,  reduces  truncation  error)  at  the  expense  of  decreasing  the 
stability  (Reference  17).  The  maximum  order  must  be  limited  to  p  +  1  =5 
because  of  stability  considerations  (Reference  17). 

Gear's  methods  can  be  implemented  in  a  fixed  or  variable  step  size 
mode,  or  in  a  variable  step  size  and  variable-order  mode.  While  the  latter 
is  difficult  to  implement  there  are  several  reasons  why  it  is  well  worth 
the  effort.  First  of  all,  since  the  computation  is  started  with  a  low- 
order  rule  and  small  step  size  the  method  is  self-starting.  The  order  and 
the  step  size  are  adaptive  in  the  sense  that  they  are  modified  at  each  time 
step  so  that  the  optimal  order  and  step  size  are  chosen,  subject  to  certain 
constraints.  This  leads  to  a  very  efficient  and  accurate  solution  over  the 
integration  interval  of  interest.  At  the  present  time,  stability  theory  in 
variable  step  size,  variable-order  methods  is  not  fully  comprehended  so 
that  decisions  for  determining  step  size  are  based  on  experimental  evidence 
(Reference  18). 

Another  advantage  of  using  Gear's  method  is  that  it  has  an  outstanding 
error  control  feature  (Reference  19).  Calahan  was  the  first  to  discuss  how 
to  implement  Gear's  method  in  a  nodal -based  analysis  program  (Reference  20). 

Gear's  method  is  a  vast  improvement  over  previous  techniques  because 
it  is  not  troubled  by  the  minimum  time  constant  problem.  However,  if  step 
size  is  changed  very  rapidly,  Gear's  method  could  become  numerically  un¬ 
stable.  To  overcome  this  deficiency  in  Gear's  method,  Brayton,  Gustafson 
and  Hachtel  (Reference  21)  have  proposed  yet  another  method  which  is  less 
likely  to  become  unstable  when  the  step-size  changes  rapidly,  as  demonstrated 
by  numerical  experiments.  In  the  case  where  the  step  size  is  fixed,  the 
method  of  Brayton  et  al.  can  be  shown  to  be  equivalent  to  Gear's  method 
Reference  21). 


6.3  INTEGRATION  METHODS  OF  SCEPTRE 


SCEPTRE  offers  several  options  for  integration  methods  including  Gear's 
(Reference  17)  method  in  variable  step  size.  SCEPTRE  should  be  appropriate 
for  this  project.  The  generator,  transformer  and  SCR  models  in  a  composite 
system  with  its  stiff  differential  equations  require  the  implicit  integra¬ 
tion  capability.  The  program  also  allows  specification  of  maximum  and  mini¬ 
mum  step  size  and  error  limits  can  be  specified  control  the  variable  step 
size  feature. 

However,  even  though  implicit  integration  allows  larger  step  size  than 
non-implicit  methods  there  is  no  doubt  that  a  step  size  appropriate  for  the 
short  time  constants  of  the  SCR  model  will  still  require  long  computer 
times  for  the  representation  of  the  periodic  swings  of  the  electromechanical 
equations  of  the  generator. 
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SYSTEM  INTEGRATION 

In  making  the  decision  to  use  SCEPTRE  as  a  modeling  and  simulation 
program,  system  integration  problems  are  solved. 

The  original  plan  was  to  model  the  system  by  components  and  form  the 
system  by  integrating  the  components.  This  Is  in  contrast  to  modeling  the 
system  by  elements  (R,  L,  C  and  sources)  and  integration  of  the  system  with 
network  equation  formulation. 

As  work  began  in  the  study  of  methods  for  solving  "stiff"  differential 
equations  several  problems  became  apparent.  First,  small  step  sizes  and 
long  computation  times  would  be  required  to  account  for  the  effects  of  both 
long  and  short  time  constants.  Secondly,  while  implicit  integration  methods 
for  "stiff"  differential  equations  allow  larger  step  sizes,  iteration  is 
required  for  convergence  to  a  solution  at  each  step.  Finally,  any  further 
iterations  that  may  be  required  to  find  the  equilibrium  point  for  the  com¬ 
ponent  interface  variables  make  the  component  approach  less  attractive. 

Three  alternatives  were  considered. 

1.  write  a  network  solving  program 

2.  use  CAD  program  SPICE  2 

3.  use  CAD  program  SCEPTRE 

The  first  alternative  has  the  advantages  of  a  much  simpler  and  smaller 
program  than  SPICE  2  or  SCEPTRE  since  they  were  written  to  do  much  more  than 
a  simple  transient  network  analysis.  Also,  system  variables  could  be  used 
which  would  enhance  the  accuracy  of  the  nonlinear  systems.  (Note  Section  V) 
SPICE  2  and  SCEPTRE  normally  use  voltage  and  current  as  variables. 

The  disadvantage  is  an  unpredictable  amount  of  time  in  writing  and 
debugging  such  a  program. 


78 


While  SPICE  2  is  well  recognized  as  a  good  computer  aided  design  program 
for  electronic  components.,  it  has  limited  capability  in  representing  nonlinear 
time  varying  coefficients  such  as  the  inductance  of  the  generator  model. 
SCEPTRE  allows  definition  of  such  elements  through  functions  and  FORTRAN 
function  subprograms. 

SPICE  2  has  the  capability  of  defining  dependent  sources  as  polynomial 
functions  of  current  variables,  thus,  some  nonlinearities  can  be  represented. 
Possibly  the  time  varying  nonlinear  generator  inductances  could  be  represented 
in  SPICE  2  but  SCEPTRE  is  preferred  since  such  manipulation  is  not  required. 

Both  SPICE  2  and  SCEPTRE  have  implicit  integration  options  for  "stiff" 
differential  equations.  Both  have  variable  step  size  with  some  external 
control  through  error  limit  specifications.  Also,  both  have  the  capability 
of  storing  electronic  component  models. 

In  SPICE  2  the  system  elements  are  supplied  to  the  program  and  the 
programs  integrates  the  elements  Into  a  system  using  a  nodal  formulation. 

In  SCEPTRE  the  system  elements  are  supplied  to  the  program  in  much  the  same 
format  as  for  the  SPICE  2  program.  SCEPTRE  then  integrates  the  elements 
into  a  system  by  formulating  state  equations.  It  is  well  known  that  the 
nodal  formulation  is  generally  more  efficient. 

The  overriding  features  that  resulted  in  the  selection  of  SCEPTRE 
over  SPICE  2  was  the  limited  capability  of  SPICE  2  in  representing  nonlinear 
elements.  Both  generator  and  transformer  model  components  not  only  have 
nonlinear  elements  but  these  elements  are  subject  to  saturation  effects. 
SCEPTRE's  ability  to  define  elements  in  more  general  terms  and  to  use 
FORTRAN  function  subprograms  for  further  flexibility  were  necessary  in  the 
generator  and  transformer  model . 
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SECTION  VIII 


GENERATOR  AND  TRANSFORMER  SIMULATION  RESULTS 
8.1  INTRODUCTION 

Appendix  D  lists  the  SCEPTRE  program  models  for  the  generator  and  the 
transformers.  Appendix  C  lists  the  data  used  in  test  and  simulation  runs 
to  illustrate  the  operation  of  the  models.  In  this  section  the  various 
test  runs  which  were  made  are  listed  and  some  of  the  plotted  results  are 
given  to  demonstrate  that  the  models  are  working  properly. 

Three  generator  models  are  included  in  the  general  model  listed  in 
Appendix  D.  The  appropriate  model  is  selected  by  assigning  appropriate 
parameters  in  the  SCEPTRE  program. 

First,  the  generator  model  without  variation  of  the  inductance  due  to 
saturation  (the  unsaturated  model)  is  obtained  by  setting  terms  of  the  form 
of  Afl  equal  to  zero  and  terms  of  the  form  of  Caa,  Cap,  CaD  and  CflQ  equal  to 
unity.  Secondly,  the  Aa  type  terms  are  set  equal  to  zero  and  the  Caa*  CaF’ 
CflD  and  Caq  terms  are  computed  by  a  subroutine  for  the  "partially  saturated" 
case. 

The  third  model  is  obtained  when  the  Aa  type  terms  are  included.  Note 

a 

3L 

that  this  includes  the  effects. 

The  transformer  model  also  listed  in  Appendix  D  is  for  a  wye-wye 
connection.  The  delta-wye  connection  can  be  simulated  by  the  proper  listing 
of  circuit  elements  in  the  SCEPTRE  program.  No  data  were  available  to 
represent  a  particular  transformer  or  to  include  the  effects  of  saturation 
and  coupling  between  phases.  However,  with  proper  data  entered,  the  sub¬ 
routine  FINDI  computes  altered  inductance  coefficients  as  effected  by 
saturation. 
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8.2  THE  SIMULATION  RUNS 

Computer  simulation  runs  were  made  on  the  generator  alone,  on  the 
transformer  alone  and  on  the  combination  of  the  transformer  and  generator. 
These  runs  were  made  after  all  test  runs  assured  all  programs  and  models 
were  working  properly.  The  results  of  all  these  runs  are  on  file  but  only 
selected  results  are  presented  here.  The  simulations  runs  are 

I.  Unsaturated  Generator  Model 

1.  determine  steady  state  initial  conditions 

2.  apply  a  symmetric  three  phase  short  circuit 

3.  apply  an  unsymmetric  three  phase  short  circuit. 

II.  Partially  Saturated  Model 

i 

1.  determine  steady  state  initial  conditions 

2.  apply  a  symmetric  three  phase  short  circuit 

3.  apply  an  unsymmetric  three  phase  short  circuit.  Three 
runs  were  made.  A  run  was  made  as  each  of  the  phases 
were  sho.ted  to  neutral  separately. 

III.  Fully  Saturated  Model 

1.  determine  steady  state  initial  conditions 

2.  apply  a  symmetrical  short  circuit. 

IV.  The  Transformer  Model  (linear) 

1.  balanced  three  phase  operation. 

V.  The  Transformer  Model  (interphase  coupling  and  saturation) 

Note:  no  valid  saturation  or  coupling  data  were  supplied. 

VI.  The  Partially  Saturated  Generator  and  the  Transformer  Combined  Model 
1.  steady  state  load  run. 


8.3  RESULTS 

The  first  three  figures  of  this  section  Figures  26,  27  and  28  are  the 
phase  A  current,  the  direct  axis  damper  cun  ant  and  the  rotor  speed.  These 
are  for  balanced  steady  state  operation  of  the  linear  model.  Since  the 
computer  model  is  different  from  the  steady  state  phasor  diagram  model  of 
the  generator,  a  preliminary  computer  run  is  necessary  to  determine  appro¬ 
priate  initial  conditions  for  the  various  state  variables.  These  runs  were 
made  and  initial  conditions  used  in  runs  for  the  above  mentioned  figure.  The 
results  show  that  correct  initial  conditions  were  used  since  phase  A  current 
is  immediately  in  steady  state,  the  speed  is  constant  and  the  direct  axis 
damper  current  is  essentially  zero. 

Figures  29,  30  and  31  illustrate  that  previous  runs  have  determined 
appropriate  initial  conditions  for  the  partially  saturated  model.  For 
constant  load  steady  state  runs  t  phase  A  current  is  immediately  in  steady 
state,  the  speed  is  constant  and  the  direct  axis  damper  current  is  essen¬ 
tially  zero. 

The  next  five  figures  illustrate  the  operation  of  the  generator  and 
model  with  a  symmetrical  three  phase  short  circuit  applied  when  the  generator 
is  supplying  802  load.  The  generator  is  operated  at  steady  state  for  three 
cycles,  the  short  is  applied  for  three  cycles  then  the  fault  is  removed  and 
the  load  resistor  restored  to  the  pre  fault  value.  The  results  include 
Phase  A  current,  the  main  field  current  the  direct  axis  damper  current,  the 
quadrature  axis  damper  current  and  the  speed  during  the  above  defined 
sequence  of  events. 

The  results  are  classical,  indicating  that  the  model  and  program  are 
working  properly.  Data  were  not  supplied  by  the  Air  Force  for  a  particular 
machine  operating  under  conditions  that  would  have  tested  the  details  of  the 
model . 
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Computer  simulation  runs  were  made  with  single  phase  short  circuit  on 
each  phase.  Some  of  the  results  for  a  line  to  ground  fault  on  phase  A  are 
included  here  to  verify  the  operation  of  the  model  under  severe  unbalanced 
conditions. 

The  computer  simulation  runs  were  made  for  10  cycles  of  a  60  Hz  fre¬ 
quency.  The  longest  CPU  time  was  approximately  60  seconds  for  these  ten 
cycles  and  the  most  severe  fault. 

No  results  are  given  for  the  model  which  includes  the  Afl  type  terms. 

For  the  particular  machine  saturation  data  used  the  sum  of  all  of  these 
terms  per  phase  was  of  the  order  of  magnitude  of  60  volts  maximum  compared 
with  15,000  volts  rating.  SCEPTRE  step  size  routine  had  trouble  finding  an 
appropriate  step  size  with  this  term  included  and  long  runs  were  encountered. 
A  different  machine  with  more  severe  saturation  problems  may  need  these  Aa 
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FIGURE  27.  SPEED  VS  TIME  LINEAR  MODEL  STEADY  STATE 
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FIGURE  28.  DIRECT  AXIS  DAMPER  CURRENT  LINEAR  MODEL  STEADY  STATE 


FIGURE  29.  PHASE  A  LINE  CURRENT  PARTIALLY  SATURATED  MODEL  STEADY  STATE 
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FIGURE  32.  PHASE  A  CURRENT  SYMMETRICAL  SHORT  CIRCUIT  PARTIALLY  SATURATED  MODEL 
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Figure  36.  speed  symmetrical  short  circuit  p>  ■  ;  .„u«..<ed  model 
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FIGURE  38.  FIELD  CURRENT  PHASE  A  SHORTED  PARTIALLY  SATURATED  MODEL 
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■FIGURE  39.  DIRECT  AXIS  DAMPER  CURRENT  PHASE  A  SHORTED  PARTIALLY  SATURATED  MODEL 
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FIGURE  40.  QUADRATURE  AXIS  DAMPER  CURRENT  PHASE  A  SHORTED  PARTIALLY  SATURATED  MODEL 
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FIGURE  41.  SPEED  PHASE  A  SHORTED  PARTIALLY  SATIRATED 


The  transformer  simulation  results  are  illustrated  by  Figures  42,  43 
and  44.  These  curves  give  the  secondary  current  of  phase  A,  IL^,  the  primary 
current  of  phase  A,  IL22,  and  the  magnetizing  current  of  phase  A,  due  to  IL^ 
and  IL22,  PIX. 

The  simulation  was  for  wye-wye  connection  of  three  single  phase  trans¬ 
formers.  The  data  used  was  not  for  any  specific  transformer  but  does  represent 
transformers  with  high  leakage  reactances. 

A  reordering  of  the  circuit  elements  in  SCEPTRE  readily  models  the  delta- 
wye  transformer  connection. 

Saturation  and  coupling  between  phases  of  the  delta-wye  connected,  three 
leg  core,  three  phase  transformer  can  be  accounted  for  by  supplying  the 
appropriate  transformer  data  to  the  subroutine  FINDI.  These  data  were  to  be 
supplied  by  the  Air  Force  but  no  valid  data  were  avail ible  at  the  end  of 
the  contract  time. 
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FIGURE  42.  PHASE  A  PRIMARY  CURRENT  ,IL 


FIGURE  43.  PHASE  A  SECONDARY  CURRENT  IL 
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FIGURE  44.  PHASE  A  MAGNETIZING  CURRENT  PIX 


SECTION  IX 


AC  AND  DC  CHARGING  CIRCUIT  SIMULATION  RESULTS 
9.1  INTRODUCTION 

Two  types  of  simulations  were  conducted.  Simulations  were  conducted 
using  SPICE  2  to  test  the  "Modified  Hu-Ki  Model"  in  various  circuit  con¬ 
figurations  that  may  be  encountered  in  ac  and  dc  resonant  charging  applica¬ 
tions.  Next  the  SCEPTRE  model  of  the  SCR  was  used  in  SCEPTRE  programs 
simulating  ac  and  dc  resonant  charging. 

The  SPICE  2  simulations  runs  included:  (all  using  "modified  Hu-Ki 
Model "). 

1.  Single  Loop  AC  Resonant  Charging. 

a.  Without  snubber. 

b.  With  snubber. 

2.  Resonant  Charging  on  Both  Positive  and  Negative  Half  Loops. 

a.  Without  snubber. 

b.  With  snubber. 

3.  Single  Loop  Resonant  Charging  With  Two  Parallel  SCR's. 

a.  Without  balancing  resistors. 

b.  With  balancing  resistors. 

4.  Single  Loop  Resonant  Charging  With  Two  Series  SCR's. 

a.  With  balancing  resistors. 

The  SCEPTRE  simulation  runs  using  the  "Reduced  3-Junction  Model" 

Included: 

1.  Single  Phase  Single  Loop  With  3  SCR's  and  a  Diode  in  Series  For 

6465.85  Volts  at  400  Hertz. 

2.  Three  Phase  AC  Resonant  Charging  Scaled  to  1000  Volts  and  1000  Hertz. 
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3.  DC  Resonant  Charging  Scaled  to  1000  Volts  and  1000  Hertz  on  the 
Three  Phase  AC  Side. 

9.2  SPICE  2  SINGLE  LOOP  SIMULATION 

Section  4.3  presented  the  results  of  a  simulation  of  an  AC  Resonant 
Charging  Circuit  using  the  unmodified  "Hu-Ki  Model"  Figure  10.  A  com¬ 
parative  example  is  given  in  Figure  46  which  illustrates  the  results  of 
simulating  the  circuit  of  Figure  45  using  the  "Modified  Hu-Ki  Model" 
developed  in  SECTION  IV.  Striking  improvement  is  noted  in  the  turn-off 
simulation  results  during  the  period  following  start  of  SCR  commutation  at 
approximately  500  us. 

The  circuit  of  Figure  47  (corresponding  results  are  in  Figure  48)  has 
a  snubber  added  to  demonstrate  a  means  of  suppressing  the  damped  oscillatory 
behavior  following  SCR  commutation. 

9.3  SPICE  2  SIMULATION  OF  A  TWO  LOOP  AC  RESONANT  CHARGING  CIRCUIT 

A  two  loop  AC  Resonant  Charging  Circuit  is  shown  in  Figure  49.  The 
results  of  simulating  this  circuit  without  snubbers  is  shown  In  Figure  51. 

As  was  Indicated  in  Section  9.2,  the  oscillatory  behavior  of  the  SCR  turn-off 
transient  in  an  inductive  circuit  can  cause  undesirable  operation  of  some 
circuits.  The  two  loop  circuit  Is  such  a  circuit.  The  second  branch  SCR 
is  programed  (Figure  50)  to  receive  a  gate  trigger  pulse  from  IG1  at  600  ys. 
SCR  2  begins  conduction  at  505  ys  (95  ys  prematurely).  This  occurs  because 
the  J1  junction  of  SCR1  is  supporting  a  rapidly  rising  reverse  voltage  which 
Is  seen  by  SCR  2  as  a  rapidly  rising  forward  voltage  and  therefore  causes  a 
dv/dt  turn-on  of  SCR  2. 

The  problem  Is  corrected  by  adding  snubber  circuits.  The  desired  opera¬ 
tion  is  then  obtained  as  is  illustrated  in  Figure  53. 
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FIGURE  46.  SPICE  2  SIMULATION  OF  A  SINGLE 
LOOP  AC  RESONANT  CHARGING 
CIRCUIT  (FIG.  45)  USING  THE 
"MODIFIED  HU-KI  MODEL"  OF  A  SCR. 
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FIGURE  48.  SPICE  2  SIMULATION  OF  SINGLE 
LOOP  AC  RESONANT  CIRCUIT 
WITH  A  SNUBBER  (FIG.  47). 
THE  "MODIFIED  HU-KI  MODEL" 
WAS  USED. 
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\A 


O 

a. 

z 


* 

# 

* 

» 

* 

» 

* 

* 

* 

* 

» 

* 

* 


a. 

o 

o 

o 

4 

H 


Oi 

mm 

* 

-J 

tM 

• 

o 

O 

* 

• 

oc 

# 

OJ 

ft 

a 

14 

o 

* 

A 

> 

* 

(4 

•M 

o 

* 

M 

M 

a j 

* 

mi 

a 

ft 

II 

M 

9 

0C 

M 

o 

* 

H 

o 

o 

» 

• 

oc 

o 

# 

A 

UJ 

• 

* 

a 

(4 

* 

<s 

> 

<M 

9 

• 

* 

r- 

M  O 

* 

H 

o 

* 

II 

—  o 

II 

* 

U. 

«n  o 

* 

m 

M  M 

UJ 

* 

• 

•  II 

0 c 

* 

a 

O  00 

D 

* 

o— 

—  m 

M 

•* 

OIL 

>  CL 

< 

* 

•A. 

X 

0C 

* 

II  O 

mm  M 

UJ 

* 

>JJO 

40  3 

a. 

* 

OCO 

• 

X 

* 

*4- 

o  o 

UJ 

# 

A  II 

M  o 

M 

9 

OO 

—  o 

» 

•  -> 

>  o 

# 

•OO 

M 

* 

mm 

H  • 

—  II 

* 

mm 

—  1  IA 

O— «A 

* 

tA 

tA  'JJ.0 

•(43 

« 

tAO 

M  O  • 

fOM 

* 

3A 

1  « 0 

mOCm 

9 

a 

UJ  MM 

>3 

* 

O 

SO  —  II  1 

4H 

* 

o 

IAlOOOUJ 

—  >11 

* 

o 

,MMO 

-X 

* 

o 

iA  1  •  • 

•MM 

* 

«/) 

11  OJ>M 

IA  M 

* 

l/»  *11  II 

M  —  3 

* 

30 

>M> 

* 

oo  — 

•  II  (Dm 

03 

» 

oo  o 

Oi/>  •  • 

-HOC 

» 

ll  a.  a. 

MOJJJ 

« 

ooo 

ULU.  0.0.0. 

r-  •nil 

•NO 

« 

*0  • 

OU.U.3U.O 

(NAU.U. 

>>< 

O 

« 

mi  MOO 

0.0.  oil  a 

II  II  JO© 

—a. 

mi  —  0.0.  M  O'*  <4  >>— —  -HO 

<0  OOZ  003N  3  40  A  CD<QQ.ZSHS>  Z 

OO— «  aiS^OJOilM1*  — zo.a>« 

ia—ujza  HNfoaiotM'O  qqo.zo--<q 

ojam  x  oooxooxom  • 

O^J^NXOOO  0Z  a  *0*  1WNWNO  >x 

-J3  h/»  »XtN  Qm  r0>  IL30  3QSHZ  O 

za&f  .Aaro-«(n  wa^oooo  <zz 

na  -no*  <o  or-  *  xxxxiaoc< 

\A  0*1 -«  (A4f»MO  OiA«*  O  i^30003Hi^ 

(AM  M  MMlAM  lAMOM  in  MZ 

o  -*N  NOA  m<4  JJJJ  H-  a 

r-<A03aC  OhhNZZ  «*(4r»©ujuJUJUJZ  z  mm 

mi  aCX  XMA-o-HMaCaCMMMM  3033<h0h0 

m<4oj33*  .  OOUiJXZ'-NOgQOtfafJa.z 

WU3ONMKJ'H(Mfl^u.m^O0XiiXhia.3uJ 
>HH»JX399030aQXXUU  •(••••••« 


111 


FIGURE  50.  SPICE  PROGRAM  LISTING  FOR  CIRCUIT  OF  FIGURE  49  WITHOUT  THE  SNUBBER  CIRCUITS. 
SIMULATION  RESULTS  ARE  GIVEN  IN  FIG.  51. 
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9.4  SPICE  2  SIMULATION  OF  A  SINGLE  LOOP  AC  RESONANT  CHARGING  CIRCUIT 
USING  TOO  SCR's  IN  PARALLEL 


Figure  54  illustrates  a  basic  circuit  application  of  two  SCR's  in 
parallel.  Such  circuit  applications  occur  when  load  current  requirements 
exceed  the  current  rating  of  the  chosen  SCR  type. 

Problems  with  using  SCR's  in  parallel  occur  mainly  due  to  slight  dif¬ 
ferences  in  device  characteristics  among  SCR's  of  the  same  type.  This  can 
result  in  one  SCR  turning  on  faster  than  the  other.  The  corresponding 


principal  voltage  drop  may  then  result  in  insufficient  VAK 


or  the  other  device 


to  insure  turn  on.  This  situation  is  illustrated  in  Figure  56  for  which 


SCR  1  and  SCR 2  have  been  programmed  (Figure  55)  to  have  slightly  different 
parameters.  In  Figure  56,  it  is  seen  that  SCR  2  ( I( VZERO  2))  begins  to 
conduct  more  quickly  than  SCR  1  (I(VZER0  1)).  Since  the  series  balancing 
resistance  (RSER)  is  essentially  zero  (actually  0.0001  ohms)  then  VAK  for 
SCR1  drops  in  correspondence  with  for  SCR 2  .  for  SCR1  falls  below 
the  required  value  for  turn  on  before  SCR1  primary  current  reaches  the 


holding  current  and  therefore,  the  SCR1  does  not  turn  on. 

This  situation  may  be  prevented  (although  at  a  loss  of  efficiency)  by 
inserting  sufficient  balancing  resistance  (RSER)  in  series  with  each  SCR. 
This  was  done  (Figure  57  -  RSER1  *  RSER 2*  0.5  ohms)  and  the  results  are 
given  in  Figure  58.  Both  SCR's  turn  on  since  an  increase  in  the  current  of 
one  SCR  causes  an  increase  in  the  voltage  drop  across  the  other  and  a 


subsequent  increase  in  its  current. 


9.5  SPICE  2  SIMULATION  OF  A  SINGLE  LOOP  AC  RESONANT  CHARGING  CIRCUIT 
USING  TOO  SCR'S  IN  SERIES 

Sometimes  circuit  applications  call  for  SCR's  to  block  voltages  which 
exceed  the  blocking  voltage  rating  of  the  device  (either  forward  or  reverse). 
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GE  C602LM  SCR  -  PARALLEL  SCR  SINGLE  LOOP  AC  RES  Ch’GNG  CKT 


a 

o 

XI 

a 

o 

8 


(M 


II 

UJ 

OC 

3 

h- 

< 

oc 

uJ 

a. 

X 

uJ 


O 

z 


1/1 


3 

a. 

z 


» 

# 

» 

♦ 

* 

♦ 

* 

* 

* 

» 

* 


» 

A 

* 

ft 

ft 

» 

ft 

ft 

* 

* 

ft 

ft 

ft 

ft 

ft 

* 

* 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

5 

ft 

» 

* 

* 

* 

» 

* 

# 

* 

» 

* 

* 

» 

* 

« 

* 

* 

» 

» 

* 

» 

* 

# 

» 


•** 


a  a. 

OCL 

oo 

oo 

4-0 

it  m 


jj  ii 
"JUJ 


0“J 

•o 

l/l  » 

3-/1 

A3 

ina 


-4f\l 


11-4 
OC  II 
K0C 


1/1  • 
3  00 
«rO 

•  w 


f»  • 

O 

-4  0 

o 

II  -4 

o 

LL  II 

o 

l-LL 

—4 

•*- 

II 

tA  • 

>/1 

OT 

— * 

ot~ 

'.v 

•  OU. 

—  X 

II  Oft.-* 

o— ■ 

UJ  Oil 

►o_j 

DC  II  OX 

—4  • 

•XI  CO 

•  H’J 

IA0C4-O 

>—o 

O  •>  II  O 

>o 

•  •  o  4 

—  o 

■o  o  n 

0—4 

— 

-4-400 

•  O  II 

«/i 

—  11-1 

®  •**! 

/i  a 

IT  ULU  •  O 

-lOJ 

3r- 

-«  0-4 'A  — 

>—u» 

r» 

1  Ml  OO 

>-4 

■o 

UJ  —  -4</1 

— 

o 

®  JO  II  —  o  1 

ru— -4 

o 

A— 4</1  «— 4'U 

a.u  ii 

o 

•  1  -40'  1  -4 

c car 

ul 

iAal  -II  xl  II 

XI  jC  — 

woa 

II  O0>  3C-4/1 

INlUJI— 

30 

l/l  •  II  35  ll  — » 

>fs l_J 

O  3 

-4-4  JC  »/1  - 

—  >> 

0-4 

•  ii  en-4-4!M 

-4  —  0 

—  —  0>  IL  LLLL 

00  3' O'  ULU.  LLLLU. 

sc  a'O  au.u_u.oo 

-oo  a  •  a. u.  Ou-O 

•  LL  LLift  o  H(VU. 

0004  rgoou. 

oo^aaaa 

->\SOQO££ 

nooxosaoHiui.  a— —a 

oo  ora  aoo»u(v— oru  j-o  —r 

•  tt oxio  a  -nooouoaoonaHZ  a 
o  oooufl  ®—  r  •oooo'joo  «zz 


•OOO  O  (-4 

,c  —  —  G  —  -40»A»A 

il22-JU  OON>* 

— uji/1  OOflO 

O i/loOl/l JXOO  •  •  • 
-  JDS 
*4-  joxaa 


a  i/i  »  •  -  •  — 

OmO'0'5‘>  -*  4J 

P-  II  II  II  II  -4  — tO 
(MUVXLLX  u_  a-4< 
ll  II  ®X>  Ouj  kCOQ. 

- - x/xu 

®  (O  a.  a.  Z  Zi/1-4  >ij  T. 

—  Z210.3>N 
OOCLa-ZZO— >Q 


a.  /ihjboh  o  <voa  •rrrxr r.ioc< 

t/iroro  f>»ru<-4  OoaoJC/3i"^wi 

r— 4  >p  O'p-rj®  -i-ur*  -u  ®oo  -a  k-z 

o-4t\j  —  i'j  -4  <h  im  -ujjjj _i  u-  o 

OO®®  -4<\i-4  <um  NH4ZNZIOOO  UJUJUJUJUMJ'ZZ^’*4 

-*sccc  ►-»— oc  a  hh-— r-  naaoaoo<>-oua 

uuuj-4(\j**ujiijxx  ouou  -<  oaoooaacoc -jxz 

uo»NiMOOuovA^uouooo-(Njm^u.-iu.-iuoawor  r  r  r  xxi-a.a.ouj 

>»-4-4_iaeacocflCaCQCooooaaaaaoo  ••*«••«•••• 


117 


FI6UE  55.  SPICE2  LISTING  FOR  CIRCUIT  OF  FIG.  54  WITH  RSERl  -  RSER2  -  .0001  OHMS 
SIMULATION  RESULTS  ARE  SHOWN  IN  FIG.  56. 


(,£  C602LM  SCR  -  PARALLEL  SCR  SINGLE  LOOP  AC  RES  CH'GNG  CKT 
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Such  an  application  is  illustrated  in  the  AC  Resonant  Charging  Circuit  of 
Figure  59  where  the  reverse  voltage  to  be  blocked  may  be  as  high  as  three 
times  the  forward  voltage  of  1000V  peak.  The  6E  C602  LM  SCR  which  has  a 
blocking  voltage  rating  of  only  2700V  may  not  be  able  to  block  the  peak 
reverse  voltage  of  this  circuit  which  might  reach  3000V.  To  insure  adequate 
blocking,  two  GE  C602  LM  SCR's  are  connected  in  series  as  shown  in  Figure  59. 

As  in  the  case  of  parallel  SCR's,  slight  variations  in  device  charac¬ 
teristics  may  cause  problems  in  circuit  operation.  In  this  case  primary 
concern  is  to  insure  sharing  of  the  voltage  to  be  blocked  in  such  a  manner 
as  to  avoid  exceeding  the  rating  of  either  SCR.  For  this  purpose,  the 
balancing  network  composed  of  RBAL  1  ,  RBAL2  ,  for  forward  balancing  and 
CS1,  CS2,  RSI,  and  RS  2,  for  reverse  balancing  is  provided,  Notice  that 
the  reverse  balancing  network  provides  a  snubber  system  in  the  forward 


direction. 

Simulation  results  for  the  circuit  of  Figure  59  are  shown  in  Figure  60. 
Prior  to  application  of  the  gate  trigger  at  100  ys  both  SCR's  carry  very 
nearly  equal  voltages  (V(4,7)  and  V(9,12)  in  Figure  60).  During  the  on 
period  (100  ys  to  505  ys),  V^  for  both  SCR's  is  a  very  low  forward  value. 

At  the  start  of  comnutation  (505  ys)  the  charge  stored  in  each  SCR  differs 
due  to  slight  parameter  variations.  As  a  result,  the  charge  transferred  to 
the  two  equal  valued  capacitors  in  the  reverse  voltage  balancing  network  is 
different.  The  resulting  unbalance  in  the  reverse  voltages  is  seen  in  the 


curves  in  Figure  60. 


9.6  AC  RESONANT  CHARGING  CIRCUIT  SIMULATIONS  IN  SCEPTRE 


An  SCR  model  for  use  with  SCEPTRE  was  presented  in  Section  IV.  Two 
versions  of  the  model  were  developed,  one  called  the  3-Junction  model  and 
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FIGURE  59.  SPICE  2  CIRCUIT  DIAGRAM  AND  PROGRAM  LISTING  FOR  A  SINGLE  LOOP  AC 
RESONANT  CIRCUIT  HAVING  TWO  SCR's  IN  SERIES. 


the  other  called  the  Reduced  3-Junction  model.  The  simulation  performance 
of  the  two  models  was  shown  to  be  virtually  identical  through  model  verifi¬ 
cations  runs.  Since  the  run  times  using  the  reduced  3-Junction  model  were 
observed  to  be  slightly  shorter  than  those  for  the  3-Junction  model,  and 
since  the  likelihood  of  exceeding  a  SCEPTRE  capacity  limit  is  less  with  the 
reduced  model  it  is  selected  for  use  in  doing  SCEPTRE  simulations  of  resonant 
charging  circuits. 

Circuits  to  be  simulated  in  this  research  are  adaptations  of  the  AC 
and  DC  resonant  charging  circuits  developed  by  Lt.  J.  Silva  at  AFIT  and  re¬ 
ported  in  Reference  42.  Silva  developed  his  circuits  using  diodes  as 
rectifier  switches,  however,  the  goal  of  this  research  is  to  develop  a 
computer  simulation  capability  to  simulate  controlled  rectifier  (SCR)  cir¬ 
cuits.  This  simulation  capability  will  then  serve  as  a  design  aid  in  de¬ 
velopment  of  the  actual  resonant  charging  circuits  using  SCRs.  This  report 
presents  the  development  of  the  computer  simulation  capability  for  simulating 
the  controlled  rectifiers  (SCRs)  and  other  electronics  of  such  circuits. 

Magnetics  are  treated  as  linear  elements  in  this  report,  however  con¬ 
current  research  is  being  conducted  by  Clemson  University  to  enable  treatment 
of  the  non-linearities  of  the  magnetics. 

In  order  to  do  controlled  rectifier  (SCR)  circuit  simulations,  facsimile 
circuits  substituting  SCR's  for  some  of  the  diodes  in  Silva's  circuits  were 
devised.  The  plan  being  to  compare  simulation  data  of  the  facsimile  circu¬ 
its  to  Silva's  charging  system  data.  The  considerable  differences  between 
SCR  circuits  and  Silva's  diode  circuits  makes  direct  substitution  of  SCR 
rectifiers  for  diode  rectifiers  Impossible.  For  this  reason,  careful  con¬ 
sideration  had  to  be  given  to  construction  of  proper  facsimile  circuits. 
Significant  considerations  are  summarized  as  follows: 
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1.  The  line  voltages  in  Silva's  circuit  greatly  exceed  any  single 
SCR's  blocking  voltage  rating.  Actual  SCR  circuits  performing 
at  the  voltage  levels  of  Silva's  circuits  would  require  a  large 
number  of  SCR's  to  simulate  a  full  three  phase  system. 

Simulation  of  sufficient  SCR's  in  series  (seven)  to  provide 
the  needed  values  of  blocking  voltages  was  confronted  by 
SCEPTRE  network  programming  limits  (on  the  total  number  of  sources 
present  in  the  network)  when  considering  the  total  3-<j>  system 
(42  SCR's).  While  the  SCR  circuits  may  have  been  simulated, 
review  with  Clemson  revealed  that  the  combined  system  simulation 
would  exceed  SCEPTRE  limits. 

A  prospect  to  assign  arbitrarily  high  (and  unrealistic) 
values  for  device  blocking  voltage  ratings  was  considered  but  was 
deemed  to  limit  the  value  of  the  research  results  in  the  end 
result. 

The  solution  was  to  design  facsimile  circuits  having  the 
minimum  number  of  SCR's  necessary  to  obtain  controlled  rectifi¬ 
cation  in  Silva's  resonant  charging  circuits.  This  concept 
involved  use  of  SCR's  to  provide  forward  blocking  prior  to 
triggering  and  Diodes  to  provide  reverse  blocking  capability 
in  series  with  the  SCR's  reverse  blocking  to  sustain  the 
substantially  higher  voltages  in  the  reverse  direction 
presented  by  the  resonantly  charged  load  capacitor  voltages  in 
series  with  the  negative  half-cycle  source  voltages. 

Since  magnetic  elements  are  treated  as  linear,  simulation 
of  more  than  one  phase  bank  array  in  the  AC  system  is  merely 
redundant,  therefore  a  single  phase  system  having  a  resonant 
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charging  load  on  one-half  cycle  of  the  source  is  presented  in 
Section  9.7. 

2.  The  high  cost  of  complete  transient  simulations  of  full  scale 
facsimiles  of  Silva's  circuits  made  design  and  debug  operations 
cost  prohibitive.  The  solution  to  this  problem  required  develop¬ 
ment  of  scaled  circuits.  Since  the  research  objective  was  to 
develop  and  validate  a  simulation  capacity,  then  scaling  is  both 
a  valid  and  desirable  approach.  While  a  rigorous  approach  to 
scaling  [Reference  43]  may  be  performed,  absolute  rigor  is  not 
required  in  this  case  since  the  simulation  is  not  to  validate  or 
analyze  an  actual  circuit,  but  to  demonstrate  a  simulation 
capability.  The  validity  of  the  simulation  is  established  by 
the  reasonableness  of  results  as  compared  to  the  results  obtained 
in  circuits  of  a  similar  nature.  The  circuits  of  similar  nature 
being  Silva's  diode  switched  resonant  charging  circuits.  In  the 
case  of  ac  resonant  charging  circuits,  Silva  did  not  obtain 
final  results  for  his  circuits  and  therefore  the  validity  of  ac 
resonant  charging  circuit  simulations  is  established  only  by  the 
consistency  of  results  with  explanation  of  phenomena  by  engineering 
analysis. 

A  scaled  3-phase  ac  resonant  charging  circuit  simulation  is  presented 
in  Section  9.7.  Scaled  elements  were  as  follows  in  Table  10. 

9.7  AN  AC  RESONANT  CHARGING  CIRCUIT  WITH  THREE  SCRS  AND  A  DIODE  IN  SERIES 

A  single  phase  single  loop  AC  resonant  charging  circuit  is  shown  in 
Figure  63.  The  circuit  has  3-SCRs  and  a  diode  in  series.  Silva's  circuits 
used  transformer  secondary  phase  voltages  of  6500V  peak  at  400  Hz.  Simula¬ 
tion  of  the  required  forty-two  SCRs  to-  develop  a  totally  SCR  3$  circuit  of 
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TABLE  10.  DC  Resonant  Ciiarging  Scaling 


.« 

1 


1  * 

Quality 

Silva's  Diode  Circuits 
(unsealed) 

SCR  Facsimile  Circuits 
(scaled) 

3-Phase  AC  System  (section  6.2) 

k  - 

-  • 

Source 

Voltage 

6465.85V  per  phase 

1000V  per  phase 

Source 

Frequency 

400  hertz 

1000  hertz. 

i 

Resonant  load 
inductance 

0.327  henries 

0.05897  henries 

Resonant  load 
capacitance 

0.43  micro-farads 

0.43  micro-farads 

> 

DC  Resonant  Load  on  3-phase  Source  (section  7.1) 

r- 

Source 

voltage 

6465.85V  per  phase 

1000V 

Source 

frequency 

400  hertz. 

1000  hertz. 

Resonant  load 
inductance 

2.58  henries 

0.173  henries 

Resonant  load 
capacitance 

2.58  micro-farads 

0.586  micro- farads 

this  nature  exceeds  SCEPTRE  capacity,  therefore  a  single  phase  simulation 
is  presented  to  illustrate  tne  series  SCR  configuration. 

Seven  GE  C602  LM  SCR's  with  reverse  blocking  voltages  of  2700  voltage 
are  required  in  a  totally  SCR  circuit  in  order  to  block  the  reverse  voltages 
following  resonant  commutation  of  the  SCR's.  However,  only  three  SCR's  are 
needed  to  block  the  forward  voltages.  As  a  result,  the  design  was  simpli¬ 
fied  to  SCR's  to  provide  forward  blocking  and  controller  rectification  and 
one  diode  (actual  circuit  may  use  several  diodes)  to  provide  additional 
reverse  blocking  needed.  Figure  64  gives  simulation  results  for  the  circuit 
of  Figure  63.  The  extended  oscillatory  behavior  following  commutation  is 
due  to  snubber  circuit  resonant  behavior  with  the  large  series  inductor. 

CAD  can  be  a  useful  tool  in  optimizing  snubber  design  in  this  type  o* 
circuit. 

The  SCR's,  SI,  S2,  and  S3  of  Figure  63  had  simulation  parameters  per¬ 
turbed  varying  amounts  within  a  25%  limit  of  deviation.  Simulation  results 
clearly  showed  the  results  of  the  perturbations.  This  provides  a  design 
aid  to  the  balancing  network  requirements.  CPU  time  for  the  simulation  was 
41.28  seconds  for  the  2.5  ms  transient  simulation  of  one  complete  cycle  of 
the  400  Hz  source.  It  was  observed  that  the  3-SCR  series  configuration 
required  only  slightly  more  CPU  time  than  that  for  a  single  SCR  in  the  same 
circuit  configuration.  This  suggests  that  time  step  and  not  circuit  size 
is  the  dominant  factor  in  CPU  time  for  a  simulation. 

9.8  A  THREE  PHASE  AC  RESONANT  CHARGING  CIRCUIT 

As  mentioned  previously,  simulating  Silva's  circuit  design  requiring 
42  SCR's  in  a  3-phase  system  exceeds  SCEPTRE  capacities  using  the  reduced 
SCR  model  of  Section  IV.  Even  an  SCR/Diode  combination  such  as  that  of 
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DOUBLE  PRECISION  FUNCTION  FGEN( H I GH, LOW, TD, TON, TP, T I  ME, MNEG ) 

C  FGEN  IS  A  PULSE  GENERATOR  SUBROUTINE.  THE  PARAMETERS  ARE  AS  FOLLOWS; 

C  HIGH  =  MAXIMUM  VALUE  OF  FUNCTION  ,  LOW  =  MINIMUM  VALUE  OF  FUNC- 
C  TD  =  TIME  DELAY  UNTIL  START  OF  FIRST  PULSE,  TON  =  TIME  OF  PULSE  DURA- 
C  TION  ,  TP  =  TIME  OF  PULSE  CYCLE  PERIOD,  TIME  =  TIME  POINT  OF  CIR- 
C  CUIT  BEING  SIMULATED.  PULSE  VALUE  IS  SET  TO  LOW  FOR  TIME  LESS  THAN 
C  OR  EQUAL  TO  ZERO  IF  MNEG  IS  NOT  EQUAL  TO  1.  MNEG  =1  IF  PULSE  MAY  HAVE 
C  NON-ZERO  VALUE  AT  OR  PRIOR  TO  TIME  EQUAL  ZERO. 

IMPLICIT  REAL*8( A-L, N-Z ) 

FGEN=LOW 

I F(TIM£.LE.O. .AND. MNEG. NE.1)  GO  TO  20 
N=( TIME-TD)/TP 

if(n.lt.o.o)  go  to  2cr 

M= I  0 1 NT( N  ) 

P=(N-M)*TP 

I F( P.GT.TON)  GO  TO  10 
FGEN=HIGH 
GO  TO  20 
10  FGEN=LOW 
20  RETURN 
'•  END 


FIGURE  61 .  SUBROUTINE  FGEN  IS  A  PULSE  GENERATOR  SUBROUTINE 
USED  IN  CIRCUIT  SIMULATIONS  TO  SIMULATE  GATE 
DRIVES  AND  CAPACITOR  DISCHARGE  SWITCHES. 
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M0DELSCR1 ( A-G-K ) 

THIS! SAREDUCEDELEMENTVERS I ONOFTHE3-JUNCT I ONSCRMOOELOEVELOPE 
FORUSEWITHSCEPTRC.THEPARAMETERSDETERMINEDFORTHISMODELBYTHE 
SCEPTRE3-JCTNSCRMODELPARAMETERDETERMI NAT  I ONPROCEEDUREHAVEBEEN 
PERTURBEDSL I GHTLYTOS I MULATEBATCHPARAMETERVAR I  AT ! ON . 

UN  I  TS:OHi!S,  FARADS,  HENR  I  ES,  SECONDS,  AMPS,  VOLTS 

ELEMENTS 

R, A- 1=5. 0-3 

RA, 1-C=1 .06 

RC, C-G=1 . 06 

RK, G-K=9. 375 

JA, 1 -C=0 I ODEQ( 2 . 4880-1 7, 38.61 ) 

JC,G-C=OIODEQ( PX1 ,  PX2 ) 

JK,G-K=DIODEQ( PX3, PX2 ) 

,  J2,C-G=X1( .9#JA+.9#JK) 

(a)  CA, 1-C=FCJ( 1.780-5,2.4880-17, 38.61,JA,VCA,4.D-9, 1.0-10) 

CC, G-C=FCJ ( 4. 95D-6, 5 .650-15,38.61 , JC, VCC, 4. 0-9, 1.0-10) 
CK,G-K=1 . D-9 
RS, A-2= 100 . 

CS,2-K=. 10-6 

DEF I  NEOPARAMETERS 

PX1=F I S( 5 . 650- 1 5, VCC, 2. 703 ) 

PX2=38.61 

PX3=F I S( 2 . 4880-17, VCK, 5 . ) 

OUTPUTS 
VCC, VCK, PLOT 


M00ELSCR3( A-G-K) 

THISI SAREOUCEDELEMENTVERS I 0N0FTHE3-JUNCT I ONSCRMOOELOEVELOPE 
FORUSEWI THSCEPTRE. THEPARAMETERSDETERM I NEDFORTH I SMOOELBYTHE 
SCEPTRE3-JCTNSCRMOOELPARAMETERDETERM I  NAT  I ONPROCEEDUREHAVEBEEN 
PERTURBEDSLIGHTLYTOSIMULATEBATCHPARAMETERVARIATION. 

UN  I TS: OHMS, FARADS, HENR I ES, SECONOS, AMPS, VOLTS 

ELEMENTS 

R, A- 1 =5 . 0-3 

RA,1-C=1.D6 

RC,C-G=1.D6 

RK,G-K=9. 375 

JA, 1-C=0I00EQ( 2. 3880-17, 38.61  ) 

JC, G-C=D I OOEQ( PX1 , PX2 ) 

JK,G-K=DIOOEQ( PX3, PX2) 

J2, C-G=X1 ( . 9*JA+. 9#JK) 

CA, 1-C=FCJ( 1.880-5, 2. 388D-1 7, 38.61, JA,VCA, 5. 0-9, 1.0-10) 
CC,G-C=FCJ (4.850-6,5.650-15,38.61 , JC, VCC, 4. 5D-9, 1.0-10) 

CK, G-K=1 . D-9 
RS,A-2=M0. 

CS, 2-K= . 10-6 

OEFINEDPARAMETERS 

PX1=F I S( 5. 650-1 5, VCC, 2. 703 ) 

PX2=38 . 61 

PX3  =  FIS(2. 4880-17, VCK, 5.  ) 

OUTPUTS 
VCC, VCK, PLOT 


FIGURE  62.  INPUT  LISTING  FOR  FIGURE  63.  (2-PAGES) 
(a),  (b) ,  (c)  ARE  PERTURBED  SCR  MODELS 
(d)  CIRCUIT  ELEMENT  LISTING. 
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FIGURE  62  (CONTINUED) 


(c) 


M00ELSCP.2(  A-G-K ) 

I5U2i?AREDUCEOELEMENTVERS 1 ONOFTHE5-JUNCT I ONSCRMODELDEVELOPE 
c2ro5f^THSSEPTRE'THEPARAMETERSDETERM,NEDFORTHISMODELBYTHE 
SCEPTRE3-JCTNSCRMODELPARAMETERDETERM I  NAT  I ONPROCEEDUREHAVEBEEN 
PERTURBEDSL I GHT LYTOS I MULATEBATCH  PARAMETERVAR I  AT  I  ON . 

UNITS: OHMS, FARADS, HENR I ES, SECONDS, AMPS, VOLTS 

ELEMENTS 

R,A-1=5.D-3 

RA, 1-C=1 .06 

RC,C-G=1 .06 

RK, G-K=9 . 375 

JA, 1-C=DI0DEQ{ 2. 5880-17, 38. 61 ) 

JC, G-C=0 IODEQ( PX1 , PX2 ) 

JK,G-K=0l ODEQ( PX3,PX2) 

J2, C-G=X1 ( .9#JA+.91*JK) 

£A, 1’9=FCJ  < 1 • 630-5.2 . 5880- 1 7, 38 . 61 , JA, VCA, 3 . 0-9, 1 . D-10 ) 

99' 900-6, 5 . 650-15, 38. 61 ,  JC,  VCC,  3 . 50-9, 1.0-10) 

GK, G-K=  i  .  D-9 
RS,A-2=100. 

CS,2-K=. ID-6 

DEFINEDPARAMETERS 

PX1  =  F I S( 5.650-15,  VCC,  2. 703 ) 

PX2=38. 61 

PX3=FIS(2.U880-17,VCK,5. ) 

OUTPUTS 
VCC, VCK, PLOT 


(d) 


CIRCUIT  DESCRIPTION 

THIS  CIRCUIT  IS  A  SINGLE  PHASE  AC  CIRCUIT  HAVING  3  SCR'S 
I N  SER I ES • 

ELEMENTS 

EAN.O- 1 =X1 ( 6465 . 85»0S I N(  251 3 . 2#T I Kt ) ) 

RA, 1-2=1. 

LA, 2-3= . 327 

SI , 3-4-5=M0DEL  SCR1 

S2, 5-6-7=M0D£L  SCR2 

S3, 7-8-9=M0DEL  SCR 3 

JD1 , 9-10=0 1 OOE  0( 1 .0-6, 38.61 ) 

CD1, 9-10=1. D-8 
CO, 10-0=. 430-6 
RBI, 3-5=17. 503 
RB2, 5-7=17. 5D3 
PB3, 7-9=17. 503 
RB4, 9-10=1. 05 
JG1,5-4=FGEN( .2,0. 

JG2, 7-6=FGEN( .2,0. 

JG3,9-8=FGEN( .2,0. 

OUTPUTS 


1 .0-4, 5. 0-5,2. 5D-3, TIME,  0) 
1 .0-4,5. D-5, 2. 50-3, TIME, 0) 
1.0-4,5.D-5,2.5D-3,TIME,0) 


EAN.VRB1 , I  LA , VCO ,  PL0T1 
VCAS 1 , VCAS2 , VCAS3 , VCO 1 , PL0T2 
VCCS1 , VCCS2 , VCCS3, PL0T3 
RUN  CONTROLS 

COMPUTER  TIME  LIMIT  =  10. 
INTEGRATION  ROUTINE  =  IMPLICIT 
PLOT  INTERVAL  =  1.50-5 
MAXIMUM  PRINT  P0INTS=0 
STOP  T !ME=2 . 5E-3 
MINIMUM  STEP  SIZE  =  1.E-30 


AND  A  DIODE 


131 


132 


FIGURE  6' .  SCEPTRE  SIMULATION  RESULTS  FOR  THE  CIRCUIT  OF  FIG.  63  (PART  1  OF  2) 


Figure  63  would  require  18  SCR's  which  would  again  approach  some  SCEPTRE 
capacity  limits.  For  this  reason,  a  3-phase  ac  resonant  charging  circuit 
was  simulated  using  only  six  SCR's.  This  circuit  is  shown  in  Figure  65. 

Phase  voltages  were  changed  to  1000V  -  1000  Hz  to  accommodate  the  reduced 
number  of  SCR's  and  to  have  a  shorter  transient  CPU  time  for  one  complete 
cycle  of  the  source. 

Figure  65  shows  two  branches  of  each  phase  bank  charging  array.  The 
capacitors  are  discharged  by  the  switches  during  alternate  half-cycles  of 
the  phase  sources.  The  actual  circuit  used  thyratron  discharge  switches, 
but  a  non-linear  resistor  was  simulated  via  subroutine  FGEN.  (Figure  61) 
for  this  report. 

Preliminary  circuit  design  revealed  that  the  conducting  half-cycle 
SCR  would  turn-off  during  discharge  of  the  alternate  half-cycle  capacitor 
in  each  phase  bank  array.  CAD  revealed  that  the  problem  was  the  discharge 
current  limiting  resistors,  R1A,  R2A,  ...,  etc.  These  resistors  were 
originally  inserted  in  series  with  the  charging  capacitors,  CIA,  C2A,  ..., 
between  RSW1A,  RSW2A,. . . When  fired,  the  line  to  neutral  voltage  dropped 
suddently  causing  the  conducting  SCR  to  commutate. 

The  solution  was  to  move  the  current  limiting  resistors  to  be  in 
series  with  the  switches  and  neutral  (as  in  Figure  65). 

Simulation  results  are  presented  in  Figure  68  for  each  phase  bank  array. 
The  usefulness  of  CAD  is  emphasized  in  the  simulations  of  phases  B  and  C. 

The  charging  array  is  brought  on  line  at  time  t  =  0,  but  SCR  firing  is 
synchronized  to  phase  voltage  zero  crossing.  Consequently,  phase  inductance/ 
snubber  capacitor  resonant  behavior  results  in  non-zero  phase  inductor 
currents  at  the  time  of  firing  of  the  appropriate  SCR. 

CPU  time  for  one  cycle  of  the  IK  Hz  sources  was  16  min.,  8.9  seconds. 
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CIRCUIT  DESCRIPTION 
ELEMENTS 

EAN,0-1=X1( 1 .D3*OSIN(6285.18*TlME)) 

RA,  1-4=1 . 

LA,  4-7=5. 897E-2 

EBN,0-2=X2( 1 .D3#0SIN(6285. 18#TIME-2.094) ) 

RB,  2-5=1. 

LB,  5-8=5. 897E-2 

ECN , 0- 3=X3 ( 1 . 03*0S I N( 6285 . 18*T I ME+2 . 094 ) ) 


RC, 3-6=1 . 

LC, 6-9=5. 897E-2 

SIA,  7-10-1 1=M0DEL  SCR 
S2A, 14-1 3-7=MODEL  SCR 

CIA,  11-0=. 430-6 
C2A,0-14=.43D-6 

RIA,  12-0=11. 

R2A, 15-0=1 1 . 

JG1A, 11-10=FGEN( .2,0. ,0., 1 . D-4, 1 . D-3 , T I  ME, 0 ) 

JG2A, 7-1 3=FG£N( .2,0. ,5. D-4, 1 . D-4, 1 . D-3,  Tl ME,  0 ) 

RSW1 A, 1 1-12=FGEN( 1.D7,0.,-2.25D-4,9. 75D-4, 1 . D-3, T IME, 1 ) 
RSW2A, 14-15=FGEN{  1 . D7,0. , -7. 25D-4, 9. 75D-4, 1 . D-3, T IME, 1 ) 

SIB, 8-16-17=MODEL  SCR 
S2B,20-19-8=MO0EL  SCR 

CIB,  l7-0=.43D-6 
C2B, 0-20= . 43D-6 

RIB,  18-0=11 . 

R2B, 21-0=11 . 

‘  ’  JG1 B,  1 7- 1 6=  FGEN(  .  2, 0 . ,  3 . 33D-4, 1 .  D-4, 1 .  D-3 ,  T I  ME,  0 ) 
JG2B,8-19=FG£N( .2,0. ,-1 .67D-4, 1 . D-4, 1 . D-3, T IME, 0 ) 

RSW1B, 1 7- 1 8=FGEN ( 1 . 07, 0 . , -8 . 92D-4, 9 . 75D-4, 1 . D-3 , T I  ME, 1 ) 
RSW2B, 20-21  =FG£N< 1 . D7, 0 . , -3 . 92D-4, 9 . 75D-4, 1 . D-3, T I  ME, 1 ) 

SIC, 9-22-23=MOOEL  SCR 
S2C,26-25-9=M0DEL  SCR 

CIC,  23-0=.43D-6 
C2C, 0-26= . 43D-6 

RIC,  24-0=11. 

R2C, 27-0=11 

JG1C,23-22=FGEN(  .2, 0. , 6. 67D-4, 1 . D-4, 1 . D-3 , T IME, 0 ) 
JG2C,9-25=FGEN( .2,0. , 1 . 67D-4, 1 . D-4, 1 . D-3, T I  ME, 0 ) 
RSW1C,23-24=FGEN( 1.D7,0. , -5. 58D-4, 9. 750-4,1. D-3, TIME, 1 ) 
RSW2C, 26-27=  FGEN( 1 . D7 , 0 . , - . 580-4, 9 . 75D-4, 1 . D-3 , T I  ME, 1 ) 
OUTPUTS 

EAN.VC1A,  VC2A, I  LA, PL0T1 
EBN, VC1B, VC2B, I  LB, PL0T2 
ECN.VC1C, VC2C, ILC.PL0T3 
RUN  CONTROLS 

INTEGRATION  ROUTINE  =  IMPLICIT 

PLOT  INTERVAL  =  1 . E-5 

MAXIMUM  PRINT  P0INTS=0 

STOP  TIME=1 . E-3 

MINIMUM  STEP  SIZE  =  1.E-30 

END 


FIGURE  66.  SCEPTRE  INPUT  CIRCUIT  DESCRIPTION  FOR  THE 
CIRCUIT  OF  FIGURE  65. 
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FIGURE  68.  (PAGE  3  OF  3)  PHASE  C 


9.9  A  DC  RESONANT  CHARGING  SYSTEM 

Figure  69  shows  a  DC  resonant  charging  system.  A  full-bridge  con¬ 
trolled  rectifier  circuit  provides  DC  voltage  to  a  resonant  charging  load 
circuit.  As  for  the  3<j>  AC  system  discussed  previously,  Silva's  circuit 
source  was  6465V/400  Hz  whereas  the  simulation  circuit  is  1000V/1000  Hz. 
The  switch  SW  1  simulates  a  thyratron  discharge  switch. 

One  cycle  of  the  source  is  simulated  to  demonstrate  each  rectifier 
switch  firing,  then  the  charging  capacitor  is  discharged.  Simulation 
results  are  shown  in  Figure  72. 

CPU  time  for  the  simulation  was  17  min.,  33.84  seconds. 
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PC  R&50A//? A/T  CHARGING  SYST&M 
TIMING  DIAGRAM 


MODEL  DESCRIPTION 
MODEL  RLY1 ( 1-2 ) 

THIS  MODEL  REPRESENTS  RELAY  K2  IN  JAMIE  SILVA'S  CIRCUIT 

ELEMENTS 

R, 1-2- TABLE  1 

FUNCTIONS 

TABLE  1 

0. , 1 . E8.2.5E-5, 1 . E8,2.5E-5#0. ,2. E-3,0. 

MODEL  DESCRIPTION 
MODEL  RLY2J1-2) 

THIS  MODEL  REPRESENTS  SWITCH  SW1  IN  JAMIE  SILVA'S  CIRCUIT 

ELEMENTS 

R, 1-2* TABLE  1 

FUNCTIONS 

TABLE  1 

0. ,0. ,2.0E-5,0. ,2.5E-5, 1 .  E8, 1.E-3, 1 ,E8, 1 . E-3,0. , 1 .02E-3.0. , 1 .02E-3, 
1 .  E8,2. E-3, 1 . E8 
CIRCUIT  DESCRIPTION 

THIS  CIRCUIT  SIMULATES  A  1000V/1KHZ  RESONANT  CHARGING  PULSE  POWER 
SYSTEM. 

ELEMENTS 

EAN, 1 -A*X1 ( 1 . 03#0S I N( 6285 . 1 8*T I ME-5 . 236D-1 ) ) 

REA, A- 2*1 . 

EBN, 1 -B*X2( 1 . D3*DS I N{ 6285 . 18#T IME-2 . 618 ) ) 

REB  B-3=1 . 

ECN '  1  -0X3  ( 1 .  D3*DS  I N ( 6285 . 1 8*T I ME+1 . 5708 ) ) 

REC, C-4*1 . 

51. 2- 5- 11 -MODEL  SCR 
S2,T>- 10-4— MODEL  SCR 

53. 3- 6-1 1-MOOEL  SCR 
S4, 0-8-2-M0DEL  SCR 

55. 4- 7-1 1-MOOEL  SCR 
S6, 0-9-3-M0DEL  SCR 

JG1 , 11-5-FGEN( .2, 0. , 1 .67E-4, 3 . 33E-4, 1 . E- 3, TIME, 1 ) 

JG2, 4-10*FGEN( . 2, 0. , 3. 33E-4, 3 . 33E-4, 1 . E-3, TIME, 1 ) 

JG3, 1 1 -6*FGEN( . 2 . 0 . , 5 • 00E-4, 3 . 33 E-4, 1 . E-3 , T I  ME, 1 ) 

JG4,2-8*FGEN( .2, 0. ,6 . 67E-4, 3 . 33E-4, 1 . E-3, TIME, 1 ) 

JC5, 1 1 -7*FGEN( . 2, 0 . , -1 . 67E-4, 3 . 33E-4, 1 . E-3, T I  ME, 1 ) 

JG6, 3-9*FGEN( . 2, 0. , 0. , 3 . 33E-4, 1 . E-3, TIME, 1 ) 

CF.11-0-7.5E-9 

K2, 1 1 -12=M00EL  RLY1 

JD1, 12-13-DIODE  0(1.0-8,38.61) 

CD1, 12-1 3-5. D-9 
RD1, 12-1 3-1. D4 
L,  13-14*. 173 
R, 14-15-1 . E-2 
SW1, 15-0-MODEL  RLY2 
CO, 15-16-. 586E-6 
RL, 16-0-1. 82 
OUTPUTS 

EAN.VCF, IRL.VCO, PLOT! 

I'REA,  I  REB,  I  REC,  PL0T2 

RUN  CONTROLS 

RUN  INITIAL  CONDITIONS 

INTEGRATION  ROUTINE  -  IMPLICIT 

PLOT  INTERVAL  -  1 . E-5 

MAXIMUM  PRINT  POINTS-O 

STOP  TIME*1 .02E-3 

MINIMUM  STEP  SIZE  «  1 . E-30 

ENO 


FIGURE  71 .  SCEPTRE  INPUT  LISTING  FOR  THE  DC  RESONANT  CHARGING 
SYSTEM  OF  FIG.  69. 
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FIGURE  72.  SIMULATION  RESULTS  FOR  THE  DC  RESONANT  CHARGING  SYSTEM  OF  FIG.  69 
(PAGE  1  OF  2)  OUTPUT  VOLTAGE. 


SECTION  X 


CONCLUSIONS  AND  RECOMMENDATIONS 


10.1  INTRODUCTION 

In  airborne  high  power  systems.  In  order  to  achieve  an  optimum  energy 
to  weight  ratio,  it  may  be  necessary  to  design  and  operate  system 
components  in  variable  ranges  and  under  conditions  not  covered  by 
available  models.  For  this  reason  more  detailed  models  were  developed  for 
three  phase  AC  generator,  three  phase  transformers  and  SCR's. 

Circuit  models  and  computer  program  models  were  developed  and  the 
models  tested  by  simulation  of  typical  operating  conditions  and  severe 
faults. 

Consideration  was  given  to  the  problems  of  the  simulation  of  the 
composite  system  of  short  time  constant  electronic  components  and  the  long 
time  constants  of  the  generator  and  transformer. 

10.2  SYSTEM  VARIABLES 

Section  V  shows  that  for  nonlinear  Inductors  the  flux  linkages, x  , 
should  be  chosen  as  variables  Instead  of  the  Inductor  currents.  Similarly 
for  nonlinear  capacitors  the  charges,  q,  should  be  chosen  as  variables 
Instead  of  the  capacitor  voltages.  However,  in  order  to  use  the  large 
body  of  BJT  and  SCR  modeling  work  already  documented  in  the  literature  the 
decision  was  made  to  use  the  CAD  programs  SPICE  2  and  SCEPTRE. 

The  use  of  SPICE  2  and  SCEPTRE  dictate  the  use  of  network  currents 

i 

and  voltages  as  mode  or  state  variables.  This  choice  of  variables  either 


implicitly  or  explicitly  involves  terms  of  the  type3L/3i  orgc/3v* 
Including  the  terms  of  the  type  3L/3i  in  the  nonlinear  inductors  caused 
problems  in  the  generator  model  simulations  by  giving  excessive  run  times. 
In  the  generator  simulation  results  reported  the3L/3i  type  terms  were 
left  out.  The  total  of  all  3L/ai  terms  was  only  on  the  order  of  60  volts 
compared  with  15,000  volts  rating  for  the  example  machine  used.  However, 
the  large  percentage  variation  of  the  3L/ ai  terms  caused  the  variable  step 
size  program  in  SCEPTRE  to  spend  excessive  time  hunting  for  an  appropriate 
step  size.  In  a  different  machine  this  effect  may  need  to  be  included. 

10.3  NUMERICAL  METHODS  FOR  STIFF  DIFFERENTIAL  EQUATIONS 

In  Section  VI  integration  methods  best  suited  for  systems  of  "stiff 
differential  equations"  are  considered.  It  was  generally  concluded  in  the 
references  cited  therein  that  implicit  integration  methods  are  required. 
Both  SPICE  2  and  SCEPTRE  offer  implicit  methods  as  options. 

Even  with  the  larger  step  size  permitted  with  implicit  integration, 
long  run  times  are  required  when  the  step  size  is  determined  by  the  SCR 
model  and  the  run  time  Is  determined  by  the  resonant  charging  circuit 
period. 

10.4  THE  GENERATOR  MODEL 

The  generator  model  developed  uses  "phase  variables  "  in  contrast  to 
"direct  and  quadrature  axis  variables." 

The  model  Includes  direct  and  quadrature  axis  damper  circuits  which 
may  be  important  with  the  rapid  fluctuation  of  the  load  in  AC  and  DC 
resonant  charging  applications.  In  the  results  section  very  large  damper 
currents  were  experienced  during  balanced  and  unbalanced  faults  which  were 
simulated. 


The  model  will  allow  for  consideration  of  saturation.  In  the 
generator  simulation  runs  made,  no  striking  differences  were  evident  in 
the  runs  with  and  without  saturation.  However,  the  machine  data  used  was 
for  a  typical  electric  power  system  generator  and  It  is  probable  that  in 
an  airborne  system  the  equipment  will  be  driven  to  more  extreme  limits  and 
saturation  effects  will  be  more  significant. 

No  data  were  available  on  the  prtme  mover  or  the  field  control 
apparatus,  however  the  form  of  the  model  and  the  SCEPTRE  CAD  program  allow 
for  adding  these  additional  components. 

For  the  results  reported  reasonable  run  times  were  required  even  for 
severe  faults  on  the  unsaturated  and  partially  saturated  cases. 

No  compatible  parameter  data  were  received  for  generator,  transformer 
and  AC  and  DC  charging  circuits  so  a  simulation  of  the  composite  system 
was  not  run.  Data  and  results  supplied  were  not  in  sufficient  detail  to 
test  the  Intricacies  of  the  modeling  work  done. 

10.5  THE  TRANSFORMER  MODEL 

The  transformer  model  Is  dependent  on  SCEPTRE  to  take  into  account 
the  transformer  connections.  Thus,  the  wye-wye  or  the  delta-wye  of  the  AC 
and  DC  charging  systems  pose  no  problems.  The  coupling  between  primary 
and  secondary  of  a  given  phase  or  the  coupling  between  phases  are 
accounted  for  by  expressing  the  Inductances  as  functions  of  magnetizing 
currents.  These  Inductances  are  computed  In  a  subroutine  which  must 
contain  measurement  or  computed  data  relating  inductance  to  currents. 

Thus,  a  three  phase  bank  of  single  phase  transformers  or  a  three  phase 
three  leg  core  transformer  can  be  represented. 
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10.6  AC  AND  DC  RESONANT  CHARGING  CIRCUITS 

This  report  has  presented  research  to  develop  SCR  modeling  techniques 
for  use  with  the  CAD  programs  SPICE2  and  SCEPTRE.  The  modeling  techniques 
were  employed  in  simulation  of  AC  and  DC  resonant  charging  system  load 
banks. 

Research  using  SPICE2  has  examined  a  method  of  determining  parameters 
for  the  two  transistor  SCR  model  from  SCR  specification  sheet  data.  The 
methods  is  that  developed  by  C.  Hu  and  W.  Ki  at  the  University  of 
California  at  Berkeley.  This  “Hu-Ki  Model"  was  developed  for  use  with  the 
CAD  program  SPICE2  also  developed  at  Berkeley  by  L.  W.  Nagel.  The 
conclusions  resulting  from  this  examination  of  the  “Hu-Ki  Model"  are  as 
follows. 

1.  The  "Hu-Ki  Model"  for  the  SCR  provides  good  simulation  of  most 
SCR  terminal  characteristics  with  one  exception  being  the  SCR 
turn-off  transient  behavior.  This  model  requires  improvement  to 
be  useful  In  computer  simulation  of  AC  Resonant  Charging  Circuits 
during  commutation. 

2.  An  improved  SCR  model  denoted  as  the  "modified  Hu-Ki  Model"  has 
been  developed  in  this  report.  It  has  been  demonstrated  to 
perform  satisfactorily  through  simulation  of  AC  Resonant  Charging 
Circuits  having  one  and  two  SCR's. 

3.  SPICE2  computer  simulation  of  power  electronic  circuits  such  as 
AC  Resonant  Charging  Circuits  may  be  performed  with  sufficient 
accuracy  to  serve  as  a  design  aid  when  using  the  "modifieu  Hu-Ki 
model".  The  accuracy  of  such  simulation  has  been  demonstrated 
through  simulation  of  circuits  using  two  GE  C602  LM  SCR's  which 
have  parameters  differing  within  the  normal  model  mix  range  of 
variation.  These  simulations  are  accurate  enough  to  show  the 
distinct  activity  of  each  SCR  and  its  effect  on  overall  circuit 
performance. 


While  it  is  felt  that  an  advance  has  been  made  in  SCR  modeling  to 
facilitate  computer  simulation  of  AC  Resonant  Charging  Circuits,  important 
areas  of  research  remain  to  be  explored.  Some  regions  of  interest 
surfaced  during  the  work  of  this  research.  The  "modified  Hu-Ki  model" 
provides  only  a  functional  representation  of  the  terminal  characteristics 
of  an  SCR.  There  are  several  deviations  from  the  true  physical  activity 
within  an  SCR.  One  of  the  more  gross  examples  is  the  use  of  constant 
forward  current  transfer  ratio's  (a)  in  the  transistor  models.  Another  is 
the  use  of  a  constant  and  extremely  small  saturation  current  for  the 
transistors.  This  latter  leads  to  forward  voltage  drops  in  excess  of  IV 
for  the  J1  and  J3  junctions:  a  substantial  deviation  from  reality  for  a 
pn  junction.  Still  other  examples  exist  but  are  left  to  the  interested  to 
explore. 

The  SCR  model  developed  for  use  with  SCEPTRE  is  called  the  3-Junction 
model.  The  method  of  parameter  determination  for  this  SCEPTRE  SCR  model 
is  an  adaptation  of  the  "modified  Hu-Ki  model"  method  used  with  SPICE2. 

As  modified  for  SCEPTRE,  the  procedure  of  parameter  determination  is  an 
easy  to  use  ten-step  procedure  which  requires  only  manufacturer's 
specification  sheet  data  from  which  to  calculate  model  parameters.  The 
following  conclusions  are  made  as  a  result  of  the  research  with  SCEPTRE. 

1.  The  SPICE2  two -transistor  SCR  model  and  the  associated  "modified 
Hu-Ki"  parameter  determination  procedure  is  adaptable  for  use 
with  a  similar  parameter  determination  procedure. 

2.  The  three-junction  SCR  model  and  the  associated  parameter 
determination  procedure  provides  an  excellent  CAD  tool  for 
simulating  resonant  charging  circuits  for  pulse  power 
applications. 
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3.  The  SCEPTRE  3-Junction  SCR  model  may  be  functional  in  a  variety 
of  network  configurations  because  of  the  flexibility  of  SCEPTRE 
input  format.  This  report  presents  two  configurations  called 
the  3-Junction  model  and  the  reduced  element  count  3-Ounction 
model.  The  latter  of  these  two  was  preferred  in  this  research; 
however,  an  optimal  configuration  was  not  determined. 

4.  The  3-Junction  SCR  model  is  an  effective  simulation  tool  for 
SCEPTRE  simulation  of  AC  and  DC  resonant  charging  circuits. 

5.  SCEPTRE  computer  simulation  CPU  times  are  typically  larger  than 
with  SPICE2.  One  reason  is  that  SCEPTRE  Internal  subroutines  do 
not  have  overflow/underflow  protection.  Consequently,  on  IBM 
machines  using  Fortran  Gl,  traceback  routines  may  be  activated 
excessively. 

6.  Large  signal  circuit  design  such  as  resonant  charging  circuits  is 
difficult  to  say  the  least  and  typically  requires  a  great  deal  of 
experimenting  to  achieve  the  right  combination  of  snubber 
elements,  gate  drive  times,  etc.  The  work  reported  in  this  paper 
provides  a  basis  for  use  of  the  highly  cost  effective  CAD  for 
preliminary  design  and  debug  of  such  circuits. 

Excessive  underflow  and  overflow  has  been  determined  to  occur 
frequently  In  SCEPTRE  Internal  subroutines.  The  problem  is  therefore  not 
solvable  through  control  of  Input  network  description.  A  solution  would 
entail  writing  alternative  subroutines  and  Incorporating  overflow  and 
underflow  protection  in  the  subroutines. 

The  most  direct  approach  would  seem  to  be  to  take  the  actual  SCEPTRE 
subroutines,  copy  them,  develop  overflow/underflow  protection  and  then 
Input  them  as  user  subroutines.  The  actual  Fortran  coding  of  the 
subroutines  is  Is  available  only  from  the  SCEPTRE  program  tape  as  received 
from  the  Air  Force. 
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APPENDIX  A 


THE  GENERATOR  MODEL 


The  purpose  of  this  appendix  is  to  establish  the  notation  and  address 
the  approximations  and  assumptions  in  the  generator  model. 

A. 1  EQUIVALENT  CIRCUIT  EQUATIONS 


Figure  73  shows  the  three  phase  generator  equivalent  circuit, 
vector  circuit  equations  are 

V  *  RI  ♦  & 

where 

V  =  [va,  vb,  vc>  Vp,  Vq,  Vq] 

1  *  [ia’  V  V  iF*  V  iQ^T 

x  =  [Aa>  X^,  Xc,  Xp,  Xq,  Xq]T 


The 

(02) 

(83) 

(84) 

(85) 


v  ,  Vu,  v  are  the  stator  phase  terminal  voltages 
a  b’  c 

Vp  is  the  rotor  field  terminal  voltage 

Vq  and  Vq  are  the  damper  winding  terminal  voltages 

i  ,  ik.  i„  are  the  stator  phase  currents 
a’  d’  c 

ip  is  the  rotor  field  current 

ip  and  ig  are  the  direct  and  quadrature  damper  field  currents 

xa,  xb,  xc,  Xp,  Xq,  Xq  are  the  circuit  flux  linkages  with  the  subscripts 

a,  b,  c,  F,  D,  Q  referring  to  the  same  circuits  as  for  V  and  I. 
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In  terms  of  inductances  Equation  (82)  can  be  written 
V  =  RI  +&(LI) 

with  the  flux  linkages  defined  by 


aa 

Lab 

Lac 

LaF 

LaD 

LaQ 

ba 

Lbb 

Lbc 

LbF 

LbD 

LbQ 

ca 

Lcb 

Lcc 

LcF 

LcD 

LcQ 

Fa 

LFb 

LFc 

lff 

lfd 

lfq 

Da 

LDb 

LDc 

ldf 

ldd 

ldq 

Qa 

LQb 

LQc 

lqf 

lqd 

lqq 

Some  approximations  and  assumptions  are  implied  in  the  choice  of  the 
inductance  terms  used.  These  involve  the  space  distribution  of  the  air  gap 
flux  and  the  resulting  variation  of  inductance  with  rotor  position.  The 
inductances  are  given  by  the  following: 


Laa  Ls  +  Lm  Cos<2e> 

Lbb  *  Ls  +  hn  Cos  2(9  *  ¥> 

Lcc  =  Ls  *  Lm  Cos  2(6  ♦ 

Lab  ’  -Ms  '  Lm  Cos  2<9  +  J>  *  Lba 

Lbc  '  -Ms  *  Lm  Cos  2‘9  -  J>  *  Lcb 

Lca  -  -Hs  -  Lm  Cos  2<e  +  T>  1  Lac 
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LaF  =  MF  Cos(e)  =  LFa 

LbF  ■  Mp  Cos  («  -  y-)  -  Lfb 

Lcf  -  Mf  Cos  (0  ♦  -  LFc 

LaD  =  mD  Cos^q)  =  LDa 

Lb0  =  ”0  Cos  <e  ■  T>  ■  LDb 

LcD  =  "o  Cos  <9  +  T*  =  LDc 

ljQ  ■  Mq  S1n(e)  =  LQa 

LbQ  ■  mq  sm  (e  -  %■)  -  LQb 

Lcq  >  Mq  sir,  (e  +  £>  ■  lQc 


lff  ■  lf 


lqq  *  lq 

lfd  =  mr  =  ldf 

lfq  =  0  =  lqf 

ldq  =  °  =lqd  (89) 

Figure  74  defines  the  rotor  angle,  0  used  in  the  inductance  expressions 

e(t)  =  bit  (90) 


A. 2  SATURATION  EFFECTS 

References  3,  5,  6  show  curves  of  the  inductance  variation  with  rotor 
position,  e,  similar  to  the  curves  of  Figure  75  Kimbark  (Reference  5)  and 
Anderson  (Reference  6)  use  the  same  equation  form  as  used  here  in  Equa¬ 
tion  (89).  Smith  (Reference  3)  uses  an  Laa  of  the  form 

aa 

L,a  *  Le  +  Lm9  Cos(20)  +  Cos (4@)  (91) 


a -ax is 


b-axis 


FIGURE  74.  CONVENTION  FOR  DEFINING  ROTOR  POSITION 
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the  fourth  harmonic  being  due  to  a  third  harmonic  in  the  space  distrubution 
of  the  air  gap  flux.  Smith  further  states  that  this  fourth  harmonic  is  the 
highest  significant  harmonic  observed  over  many  tests. 

The  simpler  model  of  Equations  (89)  was  used  here  for  various  reasons. 

First,  the  inductance  model  of  Equations  (89)  is  a  generally  accepted  model 

and  it  is  simpler  than  Smith  (Reference  4).  This  becomes  significant  when 

3L 

the  non-linear  terms  of  are  expanded. 

Secondly,  the  third  harmonic  in  the  flux  space  distribution  is 
evidence  of  the  peaks  of  the  wave  being  flattened.  This  effect  is  due 
to  saturation  effects  or  is  at  least  analogous  to  saturation  effects  and 
saturation  effects  In  our  model  are  being  accounted  for  by  direct  measure¬ 
ments  . 

In  this  work  saturation  is  taken  into  account  by  assuming  the  shape 
of  the  curve  of  inductance  variation  with  0  will  not  change  but  the  in¬ 
ductance  coefficients  in  the  equation  change.  For  example  the  saturated 

Laa  becomes  Laac 
aa  aas 

L  *  C  L  * 
aas  aa  aa 

■  Caa  Ls  +  C«  Lm  Cos(29>  <92> 

Where  the  Caa  is  obtained  from  a  measured  curve  showing  the  variation 

aa 

of  L._  as  a  function  of  a  net  excitation,  iv,  of  the  magnetic  circuit, 
aa  x 

It  is  clear  that  more  saturation  gives  a  larger  third  harmonic  in  the 
flux  space  distribution  and  hence  also  changes  the  shape  of  the  induc¬ 
tance  curves  of  Figure  75.  According  to  Smith  (Reference  4)  this  changes 
the  relative  amplitude  of  the  fourth  harmonic  compared  to  the  second. 

Smith  computes  his  saturated  Laa$  as  follows. 


where 


'aas 


=  L 


si 


(1+f) 


Lj  -  L 


aa 

r 


Cos(2e)  +£ 


K  d 


Caa  +  L„ 
aa  q 

"T — 


Cos(4e)  (93) 


is  the  direct  axis  Inductance 
Lq  is  the  quadrature  axis  inductance 


159 


■H - 1 - 1 - 1— 

90  180  270  360 


e  in  degrees 


FIGURE  75.  VARIATION  OF  INDUCTANCE  WITH  0 


K  is  the  decimal  fraction  of  third  harmonic  to  fundamental  flux 


LH  c*a  +  Lr 

d  aa  c 


(94) 


Equation  (93)  assumes  saturation  effects  on  the  direct  axis  and  no 
saturative  effects  on  the  quadrature  axis  which  seems  reasonable  for  a 
salient  pole  machine.  Smith  does  not  refer  to  the  fact  that  K  is  a  function 
of  saturation. 


While  the  Smith  formulation  Equation  (93)  does  address  the  fact  that 
saturation  would  affect  the  shape  of  the  Laa(e )  curve  it  is  qvite  complex 
and  it  is  not  clear  that  it  would  give  better  results  that  Equation  (92) 
with  measured  since  it  does  Include  several  assumptions  and  approxima- 

da 

tions. 


Thir  ls  an  area  that  may  be  worthy  of  further  Investigation  if  the  com¬ 
puter  simulation  results  do  not  match  observations  adequately. 


A. 3  THE  TORQUE  EQUATION 

The  equation  relating  electrical  circuit  quantities  to  mechanical  rota¬ 
tion  quantities  is 


d?e  „  I[T 

9  .1  L'„ 


B  —1 
B  dtJ 


where 


J  is  the  polar  moment  of  inertia  of  the  rotating  parts 

B  represents  rotational  losses  and  may  include  viscous 
damping  and  possibly  core  losses  related  to  rotational 
speed . 

T  is  the  mechanical  torque  input  at  the  shaft 
m 

Te  Is  the  so  called  electric  torque  developed. 

The  electrical  torque  developed  Is  given  by  the  expression 

Te  *  7  nrtf^CI]  <961 

The  circuit  model  and  Equations  (95)  and  (96)  do  not  include  any  eddy 
current  or  hysteresis  loss  effects. 
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osses  are  sometimes  c 
(95)  is  adjusted  to  1 
e  core  losses  and  the 


appendix  b 

SATURATED  GENERATOR  MODEL 


B.1  SATURATED  GENERATOR  EQUATIONS 

Section  II  of  this  report  discusses  the  effects  of  saturation  on  the 
network  model.  Equations  (12)  and  (13)  illustrate  the  phase  "a"  equation 
development.  This  section  shows  more  detail  in  the  phase  "a"  equation 
and  also  lists  the  equations  for  the  other  phases. 

This  development  is  based  on  the  expansion  of  Equation  (8 2)  and  (87)  of 
Appendix  A.  From  these  we  write 


(97) 

(98) 


The  expansion  of  the  matrix  products  gives  as  the  first  row  of  Equation  (98) 

dXa  -  L  di*  +  L  dlb  +  L  dlc  +  L  dlp  +  L  di° 

■ar  -  Laa  -ar +  Lab  -ar +  Lac  -ar +  LaF  -ar +  LaD  ^r 


d1n  dL  dLh  dU„  dLaF 

+  LaQ  St  +  ST  \  +  TT  7b  +  It"  7c  +  ST  7F 


dL  D  dL  g 

+  “ar  *d +  "at^  1q  (99) 

Saturation  effects  on  the  first  six  terms  on  the  right  hand  side  of 
Equation  (99)  are  as  shown  in  Appendix  A  Equation  (92). 

dLaa 

The  development  of  the  ong^derivative  term  ^  -  is  shown  in  Equation  (12) 
The  complete  set  of  terms  for  is  now  listed 


ITT 


cos(e)  i. 


aL-.l  3ia  T 

T r~  Tt+  NFa  cos(e-y-)ia  TT 

A  ^ 


^ir  3L..  3ip  3L  3in 

+  NFa  cos(0  +  x)  iaTr-  -w+  iaTp-  1T+  NFDialT-  J 

^  ^  a  L  X 
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r 


NFa  ia  (ia  sin(e)+  ib  Sin(e  -  y)  +  ic  Sin(e  +  y-)) 

x  i  _ . 


♦  2caaLn,  s1n  29 


1  li 
J  3t 


,  r  SLab  1  !!a 

Va  Cos(e)1b  TTJ"  J  at 


+  Npa  Cos(e  +  Q)  ib 


Npa  Cos  (a  -  ^-)  i 


.  3Lab  1  3,b 

’»  T  J  3t 


"  3lt  +  [,  !bkl  !!f.  +  fN  !  !l^kl !]° 

IT  |’b  TT^J  at  |"fd  'b  T7JJ  at 


[NFa  *b  IT  (ia  s1n<6>  +  ’b  s1n(e  ‘  X>  +  'c  s1n(e  +  T>> 


+  <b  2caaLm  s1n<29  '  T>]  t 


<Fa  c°s  <«> ic  y]  IF  +  [%a  Cos(e  '  T>  'c  Ilf]  "5F 
+  ["pa  Cos  (a  +  x1  'c  l^f]  IF  +  [(c  F^f]  TF  +  [NFD  V  Trf  IF 
-  j^NFa  1c  ^  (1a  Sin(a)+  1b  Sin(e  -  x>  +  *c  s1n(9  *  T]) 


*  'c  ^aa^n  Sin(2e  '  X1.  If 


3Lap 

NFa  Cos(e)1p-5T^-j 


!!» 

3t 


NFs  Cos(e  -  ^4  ip  -jf 


.  3LaFl3lb 


r  o  3Lac1  3i-  r  3L.pl  3 1F  .  8LaFl  9iD 

j^Fa  cos ( 0  +  y)  iF  it"  +  |^F  Tt^J  It  +  ^FD  'F  Tt^J  TT 

[NFa  1F  TT7  (ia  sin(e)+  ib  Sin(e  "  T}  +  ic  sin(e  +  T}) 

+  1FCaFMaF  Sin^]ll 
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3L  nl  3ia  T  o  3Lan1  3ik 

+  NFa  C°SW<D  iff  if  +  "Fa^5  e'  T^OlTir 

A  A  a 


+  ["F,^(e^)iD^J^t[iD^]^+[NFDiD^ 
'  [NFa  'd  T^f  ('a  S1n(e)+  ’b  Sl'"(6  -  T>  +  «c  S1"<e  +  X» 


;  !io 

3t 


+  *D  CaD' 


MaD  Si"  6]  H 


+  [NFa  Cos(e)1Q  iffl  TT  +  f NFa  c°*<e  '  T>  iQ  iffl  IT 

.  *  J  L  *  - 

A  3L4A  3lr  3L  a  3lr  3L_n  3l‘r\ 

+  NFa(cos  9  +  x>  ’q  Tlf  TT  +  ’q  T[f  IT  *  nfd  ’q  irf  TT 

a  A  J  a  J  L  A  ■ 

“  NFa  TT^  (ia  Sin(e}+  ib  Sin(e  '  T*  +  ic  Sin(e  + 

■  X 

-  fq  caq»<aq  c°5‘e>]  fl 

di  di.  di  diF  din  din 

+  Laa¥+  Lab  It  +  Lac  T  +  LaF  IT  +  LaD  T  +  LaQ  It 


1100) 


To  make  the  expression  appear  less  formidable  the  following  terms  are  defined, 

3L,  3L  k  3L,.  3L.P  3L  n  3L  <-> 
a  _  j  39  ,  j  3d  j.  4  3IC  _t_  *  3r  ,  •  3D  ,  •  9Q  /im  \ 

Aa  ia  Tl  +  T?  +  ’c  Tl  +  V  T?  +  nD  Tl  +  'q  Ti  (101) 
x  x  x  x  x  y  x 

Ba  =  NFa  [la  Sin (e)  +  ib  Sin(0  -  +  ic  Sin(e  +  y-)]  ,  (102) 

and  Ca  =  2CaaLm  £ia  S1n(2e)+  ifa  Sin(2e  -  y-)  +  ic  Sin(e  +  y)  j  (103) 
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The  voltage  generated  in  phase  "a"  can  now  be  written  more  compactly  as 
7F  -  [Vf.  Cos(e)+  Caa(L$  ♦  L.  Cos(26))] 

+  [AaNfa  Cos(9  -  f)  +  Caa(-M$  +  Lm  Cos(2e  -  $)]  ^ 

+  [AaNFa  Cos(9  +  X*  +  caa("Ms  +  Lm  Cos(2e  *  X>]  IT 

+  [Aa  +  caFMaF  Cos(e)]  UF  +  [AaNFD  +  CaOMaD  Cos  (9)]  7T 
+  CaQMaQ  Sin(e)-j^ 

-  [BaAa  +  ca  *  <iFCaFMaF  *  <0  CaOMaD>  s1n<e>-  'q  CaQMaQ  Cos<6>]  a£<’04) 
For  the  other  generator  circuits  the  results  are  now  listed 

if  =  [AbNFa  Cos(e)-  CaaMs  +  CaaLm  Cos(2e  "  ¥}]  if 
+  [AbNFa  Cos(e  -  9-f)  +  CaaL$  +  CaaLm  Cos(20  +  y-)] 

+  [AbNFa  Cos(0  +  Q)  -  CaaMs  -  CaaLm  Cos  (20)]  -g£ 

+  [Ab  +  CaFMaF  Cos(e  ’  t]  if 
+  [AbNFD  +  CaDMaD  Cos(e  ’  T>]  if 
+  [CaQMaQ  Sin(e  '  TJ]  if 

*  [AbBa+  2Cb  CaaLm  +  <CaFMaF  +  CaDMaD  V  Sin*e  ‘  T> 

'  CaQMaQ  iQ  Cos(e  "  T5]  <}f  (105) 
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where 


Ab  ■  'a  ai 


3Lba  .  3Lbb  fhic  ,  aLbF  .  f^bD  aLbQ 

7  b  s\  c  ^7  F  ^7  0  ^7  «  ^7 


(106) 


Cb  =  1a  S1n(2e  -  y-)  +  1b  S1n(26  +  Q)  +  1£  S1n(2e)  (107) 


dx 

■ar 


r  =  [AcNFa  Cos(8)-  CaaMs  +  CaaLn>  C°s<29  +  ,20>]  TFT 


Where 


d1b 

■ar 


+  [AcNFa  Cos<6  ’  120)  ■  CaaMs  +  CaaLm  Cos(26)] 

+  [AcNFa  Cos<0  +  120)  ■  CaaLs  +  CaaLm  Cos<20  ’  120>]  ST 

+  [Ac  +  CaFMaF  Cos<0  +  120^]  ~ST 
+  [acNfd  +  CaDMaD  Cos(6  +  120)] 

+  [CaQMaQ  +  Sin(e  +  120J] 

-  [AcBa+  2  CcCaaLm  +  <CaFMaF  '?  +  CaDMaDVSin(e  +  120) 

-  MaQ  iQ  Cos(e  +  120)]  a£  Oos) 

9L  3L  l.  3L.p  3L  n  3L.n 

Ar  =  i*  -aT3-  +  ih  TT^  +  V  +  iF  ST~  +  in  +  Ln  TT^109) 
c  a  9lx  b  3lx  c  9lx  F  31X  D  3lx  ^  3lx 

Cc  =  1a  Sin(2e  +  120)  +  ib  Sin(2e)+  ic  Sin  (2e  -  120)  (110) 


dX 

St 


h  [AFNFaC°s(e)tCaFMaFCos(»)]^f 

^ApNp,  Cos  (a  -  120)  +  CaFMaF  Cos  (a  -  120)  j  ^ 
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+  ^ApNpa  Cos(9  +  120)  +  CaFMap  Cos (6  +  120)  J  -£ 
1  aiF 

+  [Ap  +  CFFLfJ  TT 
+  [AFNFD  +  cfomr]  IF 
-  [BaAF  “  CFCaFMaF]  H 


where 


a  _  4  3LFa  .  .  3LFb  .  9LFc  .  %F  +  i  3LFD 
AF  “  na  31x  nb  3lx  ’c  31  x  *F  91x  D  91X 


CF  =  1  Sin (e )+  ib  S1n{e  -  120)  +  ic  Sin(e  +  +  120) 


=  [ad  Npa  Cos  0  +  CaDMaD  COS,)]  -gf 

[1  dlb 

Aq  Npa  Cos (9  -  120)  +  CaDMaD  Cos (9  -  120) J  -g*- 

+  [AD  NFa  Cos(0  +  120)  +  CaDMaD  Cos(e  +  120)]  ~c IF 


vi  here 


+  [ad  +  cfdmr]  ■af 

r  l 

+  [nfdad  +  cddldJ  ~st 

•  [BaAD  +  CaDMa0CD]  3F 

A  =1  + ,  Hl  ♦ ,  ^s. 

aD  'a  3iv  b  3i  c  3iy  F  3i v  D  3i 


(HI) 


(112) 


(113) 


(114) 


(115) 


Cn  «  i.  Sin  (0)  +  iK  Sin(9  -  120)  +  ir  Sin(0  +  120) 


'D  'a 


(116) 
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APPENDIX  C 


GENERATOR  DATA  USED 

Considerable  difficulty  was  encountered  in  obtaining  data  for  the  ma¬ 
chine  model.  Data  were  needed  to  test  the  model  performance.  Some  data  were 
supplied  by  the  Air  Force  through  technical  publications  AFAPL-TR-75-87  and 
AFAPL-TR-77-31 .  In  both  publications  the  data  were  incomplete  even  for  a 
fairly  standard  model.  In  one  of  the  publications  the  data  purported  to 
have  been  used  was  inconsistant  in  the  sense  that  it  gave  mutual  inductance 
with  coefficients  of  coupling  that  were  greater  than  unity.  This  problem 
was  identified  after  spending  considerable  time  and  effort  and  having  several 
unsuccessful  computer  runs.  Further,  neither  of  the  above  reports  contained 
any  useful  saturation  data.  The  needed  data  is  not  available  currently. 

C.l  UNSATURATED  GENERATOR  DATA 

In  order  to  have  data  for  a  real  machine  and  move  forward  with  the  simu¬ 
lation,  data  were  taken  for  a  machine  from  Reference  6.  No  usable  satura¬ 
tion  data  were  available  from  this  reference.  Saturation  conditions  were 
simulated  using  trend  curves  from  Reference  3. 

The  machine  data  used  are  listed  below.  These  are  unsaturated  values. 

Balanced  three  phase  60  Hz  Generator 

Ls  =  4.152  mH 

L  =  0.074  mH 
m 

LF  =  2.189  H 
L0  =  5.989  mH 
Lg  =  1 .423  mH 
Ms  =  2.076  mH 
MF  =  89.006  mH 
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Md  =  4.721  mH 
Mg  =  2.269  mH 
Mr  =  0.108994  H 

Rated  Power  160  MVA 

Rated  Voltage  15  KV  (line  to  line) 

Inertia  Constant  H  =  2.37  sec. 

R.  =  0.001542  n 

a 

RF  =  0.371  fi 

Rjj  «  0.018421  fi 
Rg  =  0.018969  n 

rated  field  excitation  voltage  =  375  volts 
C.2  SATURATION  DATA 

The  additional  data  required  for  the  model  are  saturation  data.  It  will 
be  necessary  to  measure  or  determine  in  some  other  manner  this  saturation 
data  for  the  specific  machine  being  modeled.  Measurement  methods  are  dis¬ 
cussed  briefly  in  subsequent  paragraphs. 

For  the  purpose  of  obtaining  numbers  for  the  machine  model  used  to  test 
the  computer  model,  curve  data  were  used  from  Smith  and  Snider  (Reference  3,4). 
These  curves  were  normalized  and  applied  to  the  above  machine  data.  The 
premise  In  measurement  of  this  saturation  data  is  that  saturation  is  dependent 
on  some  net  equivalent  field  excitation 

■  *F  +  NFD  *0  +  NFa  [*a  W)  *  1b  Cos(e  -  T> 

+  1C  Cos(e  +  ^)J  019) 
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The  excitation  level  can  be  obtained  by  varying  only  ip.  The  incremental 
inductances  are  obtained  by  perturbing  the  various  other  currents,  say  Aia  , 
for  incremental  Laa  .  Integrated  incremental  inductances  give  saturated 
inductances.  Thus  a  plot  of  Lfla  versus  ip  with  e  =  0  gives  appropriate 
saturation  data  for  the  "a"  phase  self  inductance.  Data  for  the  plot  of  L,_ 
vs  ip  is  normalized  and  put  into  an  algebraic  equation  form  using  a  least 
square  regression  analysis.  The  following  form  is  obtained  from  the  Laa 
versus  ip  data 

Caa  =  a10  +  all  ix  +  a12  A\  +  a13  ix  (12°) 

Saturation  data  must  be  determined  for  Laa  ,  Lap  ,  LqD  ,  LaD  ,  LFq  .  From 
these  the  regression  coefficients  for  the  C's  are  found:  Caa  ,  Cpp  ,  LDD  , 

CaF  *  CAD  *  CaQ  »  CFD  * 

Table  11  lists  the  coefficients  used  in  the  simulation.  These  were 
obtained  by  reading  data  from  curves  given  by  Smith  and  Snider  (Reference  3) 
and  are  not  necessarily  correct  or  typical  for  the  machine  used  here.  The 
ballistic  method  described  in  Snider  and  Smith  (Reference  3,4)  permits  the 
measurement  of  saturated  incremental  Inductances.  These  are  integrated  into 
the  saturated  inductance  curves. 

C.3  MEASUREMENT  OF  THE  UNSATURATED  INDUCTANCES 

1.  L  and  Lm 
s  m 

With  the  rotor  locked  into  position  (e  =  0°),  measure  the  induc¬ 
tance  of  phase  A  of  the  stator.  The  measured  inductance  is  Ls  +  Lm  .  Rotate 
the  rotor  and  lock  into  position  (e  =  45°).  Measure  the  inductance  of  phase  A 
of  the  stator.  The  measured  inductance  Is  L$  . 

Rotate  the  rotor  and  lock  into  position  (e  =  90°).  Measure  the 
inductance  of  phase  A  of  the  stator.  The  measured  value  is  L$  -  Lm  . 

Compare  all  measured  values. 


T  72 


cl 


(1 


TABLE  IT.  SATURATION  COEFFICIENTS 


ajO 

ajl 

aj2 

aj3 

aa 

0.98367 

-2.9246  x  1  O'5 

-1.0771  XlO'7 

2.0394  xlO"11 

FF 

1.0088 

-2.9867  xlO"5 

-1.0519  xlO"7 

1.8699  xlO'11 

DD 

0.97827 

-2.1569  xlO'5 

-7.9586 x 10“8 

1 .5930  x  10"11 

AF 

1.0000 

-6.9202  xlO'5 

-8.4819  xlO'8 

1.6303  xlO'11 

AD 

0.9886 

-8.0120  xlO'5 

-6.1443  xlO'8 

1 .2983  x  10'11 

AQ 

0.99419 

-2.6322  xlO"5 

-5.5511  x 10‘8 

1 .0182  x 10-11 

DF 

1.0007 

-6.9355  xlO"5 

-6.6663  xlO"8 

1.3054  xlO"11 

Cxx  =  ajO  +  ajl  ix  +  aj2  ix  +  aj3  1x 
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2.  I_s  and  Ms 

With  the  rotor  locked  into  position  (e  =  105°),  connect  a  sinu¬ 
soidal  voltage  source  between  phase  A  and  neutral  of  the  stator.  Measure 
the  RMS  current  flow  in  phase  A.  Measure  the  resultant  RMS  voltage  induced 
between  phase  B  and  neutral.  The  mutual  inductance  between  phase  A  and 
Phase  B  is  computed  as 


Vn(rms) 

-Hs  *  jrasT  • 

d 


where  u>  is  the  radian  frequency  of  the  phase  A  current.  The  quantity  Ms 
should  be  positive  and  should  be  smaller  than  L$  . 

With  the  rotor  locked  into  position  (e  =  60°),  measure  VbN  and  Ia  as 
before.  The  result  yields  Lm  -  M$  .  With  the  rotor  locked  into  position 
(e  =  150°),  measure  Vb_N  and  Ia  as  before.  Calculation  results  in  -Ms  -  . 

Compare  values  of  M$  . 


Measure  the  field  coil  inductance  directly. 


vol tage 
current 
phase  A 


With  the  rotor  locked  into  position  (e  =  0°),  connect  a  sinusoidal 
source  between  the  field  terminal  connections.  Measure  the  RMS 
flow  in  the  field  coil.  Measure  the  RMS  voltage  induced  between 
and  neutral  of  the  stator.  Calculate  Mfip  . 


Va-N(RMS) 
col F( RMS)  * 


As  measured  from  the  field  coil  terminals. 


Vp(RMS) 

ZF  ‘  If(RM57 


R  +  JuL 


174 


Measure  the  field  coil  resistance  directly. 


R  =  R  -  Rr 
e  r 


Le  ■  L  -  LF 


Assume  a  value  of  damper  resistance  RQ 


m: 


2  "e(R0  +  “2l0> 


DF 


“  RD 


LeRD 


Note  that  MR  and  Mpp  are  the  same  parameter. 


\a> 


As  measured  from  phase  A  terminals, 
V.(RMS) 


u2m2 

za -yw"  +  J“L  -  Za  =  Ra  +  J“La  + 


All  measurements  are  taken  with  the  rotor  locked  into  position  (e 

,  _  ,R  ,  “2RQMaQ  \  J  u3MaQLQ 
z-  -  |R-  +  2  rfi  -  J  „5  i.i 


a 


rq  +  “  Lq 


rq  +  “  lq 


=  Ra  +  Re  +  Jui(La  +  Le) 


=  90°) 


Measure  the  phase  A  resistance  directly. 


Assume  a  value  of  quadrature  damper  resistance  R«  (Reference  4) 


2  _  %<RQ  *  »V 


^aD 

With  the  rotor  locked  into  position  (0  =  0°)  and  the  field  coil  open 
Va(RMS) 

Za  =  rxmj  = R  +  JwL 


Z  =  R  +  JuL_  + 


APPENDIX  D 


USERS  MANUAL 


Computer  Software/Computer  Program/Computer  Data  Base  Configuration  Items 


D.l.  INTRODUCTION 

This  appendix  is  the  Program  Documentation  or  the  User's  Manual.  It 
contains  a  listing  of  the  following  SCEPTRE  programs  Including  necessary 
subroutines. 

1.  The  three  phase  AC  generator  program  model 

2.  The  three  phase  transformer  program  model 

3.  The  AC  resonant  charging  program 

4.  The  DC  resonant  charging  program 

Data  are  also  given  for  numerical  examples  so  that  simulations  can  be  run 
to  test  the  operation  of  the  models.  The  data  are  the  same  as  that  used  in 
examples  In  the  body  of  the  report.  The  data  are  Included  in  the  card  decks 
and  in  the  program  listings  as  well  as  In  line  oy  line  description  of  the 
program  statements  in  this  User's  Manual. 

Sufficient  detail  is  given  In  the  description  of  the  generator  program  so 
that  anyone  with  a  minimum  knowledge  of  SCEPTRE  should  be  able  to  use  it  in 
this  application.  Less  detail  is  given  In  the  documentation  of  the  trans¬ 
former,  the  AC  resonant  charging  circuit  and  DC  resonant  charging  circuit 
where  the  detail  would  be  a  duplication. 

D.2  THREE  PHASE  GENERATOR  MODEL 

0.2.1  Introduction 

A  three  phase  generator  has  been  modeled  using  SCEPTRE.  The  generator 


model  includes  the  three  stator  windings,  the  field  winding,  the  quadrature 
axis  damper  winding  and  the  direct  axis  damper  winding.  Also  included  in  the 
model  is  variable  speed  representation.  While  not  included,  field  voltage 
control  may  be  applied  with  small  modifications  to  the  existing  program.  All 
discussion  refers  to  the  attached  program  listing  and  elements  shown  in  Figure 
78. 


D.2.2  Job  Control  Cards 

SCEPTRE  requires  the  use  of  job  control  cards.  Each  computer 
installation  must  determine  the  proper  job  control  cards  to  be  used.  The  job 
control  cards  required  for  use  with  the  IBM  370-3033  installed  at  Clemson 
University  are  included  in  the  program  listing. 

The  first  card  is  for  accounting  purposes.  The  record  card  allows  for 
execution  of  the  SUPERSCEPTRE  program.  The  second  card  may  oe  appended  with 
additional  information  to  produce  a  listing  of  all  function  subprograms.  As 
listed,  no  listing  of  function  subprograms  is  -ovided.  In  order  to  obtain  a 
listing,  the  card  should  be  changed  to 

//STEP  1  EXEC  SUPERSEP,  0UT=(SYS0UT=A) 

The  third  card  causes  input  data  to  be  read  Into  SCEPTRE. 

Immediately  following  the  "END"  card  are  the  fourth  and  fifth  job  control 
cards,  the  "/*“  card  denotes  the  end  of  program  data  in  SCEPTRE  format.  If 
no  function  subprograms  are  used,  this  is  the  last  job  control  card.  If 
function  subprograms  are  to  be  included,  the  fifth  job  control  card  must  be 
Included. 

0.2.3  Header  Cards 

These  cards  must  be  Included  in  the  program  in  the  sequence  shown  and 
must  be  spelled  correctly..  The  header  cards  are  listed. 
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"CIRCUIT  DESCRIPTION" 

"ELEMENTS" 

"DEFINED  PARAMETERS" 

"FUNCTIONS" 

"OUTPUTS" 

"INITIAL  CONDITIONS" 

"RUN  CONTROLS" 

"END" 

While  SCEPTRE  allows  the  use  of  additional  header  cards,  only  those  header 
cards  required  for  the  generator  model  are  included  or  discussed. 

D.2.4  Description  of  Input  Data 

D.2.4.1  "ELEMENTS"  Section 

The  "ELEMENTS"  section  contains  all  circuit  element  information  required 
in  the  generator  model.  The  first  character  of  each  circuit  element 
identifies  the  element  types. 

"E":  voltage  source  (e.g.,  EFI) 

"R":  resistor  (e.g.,  RAL) 

"L":  Inductor  (e.g.,  LI I ) 

“C":  capacitor  (e.g..  Cl) 

"J":  current  source  (e.g.,  JFI) 

"M":  mutual  Inductance  (e.g.,  M12) 

Each  circuit  element  must  be  identified  by  a  unique  alpha-numeric  label. 
The  one  or  two  character  label  Is  located  adjacent  to  the  element  type. 
Several  examples  are  given  for  illustrative  purposes. 

EFI:  element  type  =  "E" 
label  *  "FI" 
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2/3 


NL 


EFI  *  voltage  source  number  "FI" 

LI I  s  inductor  number  "11" 

RAL  =  resistor  number  "Al" 

Each  circuit  element  is  connected  to  two  nodes.  Node  connection  Information 
is  adjacent  to  the  circuit  element  label.  The  circuit  element  label  is  always 
separated  from  the  node  connection  information  by  a  comma.  The  node 
connection  information  includes  the  “from"  node  and  "to"  node  connections. 

The  "from"  node  and  "to"  node  are  each  two  character  alpha  numeric  values  and 
are  always  separated  by  a  dash. 

EFI,  34-0:  voltage  source  number  "FI"  is  connected  to 
"from"  node  34  and  "to"  node  0 
RA,  1-11:  resistor  number  “A"  is  connected  to  "from" 
node  1  and  "to"  node  11. 

Designation  of  "from"  node  and  “to"  node  determines  polarity  of  voltage  across 
the  element  and  current  through  the  element.  SCEPTRE  assumes  that  current 
always  enters  the  "from"  node.  Voltage  polarity  is  assumed  to  be; 
a)  passive  elements  (resistor.  Inductor,  capacitor) 


“from"  node  is  positive 
"to"  node  is  negative 

"TO"  "TO"  "TO"  "TO"  "TO" 


"FROM"  "FROM"  "FROM"  "FROM"  "FROM" 


FIGURE  76.  SCEPTRE  CIRCUIT  ELEMENTS  WITH  VOLTAGE  AND  CURRENT  DIRECTIONS 
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b)  active  elements  (voltage  source,  current  source) 

"from"  node  is  negative 
"to"  node  is  positive 

Voltage  across  a  circuit  element  is  determined  by  SCEPTRE  by  use  of  the  label 
"V"  ano  the  labeled  circuit  element. 

VR1  =  voltage  across  resistor  number  "1" 

VL1  =  voltage  across  inductor  number  "1" 

VC1  *  voltage  across  capacitor  number  "1" 

VJ1  =  voltage  across  current  source  number  "1" 
voltage  across  voltage  source  (El)  is  El. 

Current  through  a  circuit  element  is  determined  by  SCEPTRE  by  use  of  the 
label  "I"  and  the  labeled  circuit  element. 

IR1  *  current  through  resistor  numDer  "1" 

IL1  =  current  through  inductor  number  "1" 

IC1  =  current  through  capacitor  number  "1" 

Mutual  Inductance  elements  do  not  have  actual  circuit  connections  and 
consequently  no  "from"  node  and  "to"  node  data  Is  used.  However,  a  mutual 
inductance  does  link  two  inductors.  These  two  Inductors  (labeled  circuit 
elements)  replace  the  "from"  node  and  "to"  node  connections. 

M12,  L11-L22:  mutual  inductance  number  "12"  links 

Inductor  number  "11”  (Lll)  to  Inductor 
number  "22"  (L22) 

The  value  of  aqy  circuit  element  may  be  one  of  the  following. 

1)  Double  Precision  Constant 

EF1 ,  34-0  =  375.00 

2)  Defined  Parameter 

RA,  1-11  =  PRA 

(Defined  parameters  will  be  discussed  later) 
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3)  Table 

RAL,  31-0  =  T1 

(Table  will  be  discussed  later). 

4)  Expression 

M45,  L44-L55  =  X13  (0.099  *  PCFD) 

"X“  is  the  symbol  used  by  SCEPTRE  to  denote  an  expression. 
Each  expression  must  have  a  unique  expression  number  (e.g., 
X13).  The  value  of  an  expression  must  be  enclosed  in 
parentheses.  The  expression  value  is  an  arithmetic  state¬ 
ment.  Variables  used  in  an  expression  m«y  be  aouble  preci¬ 
sion  constants,  defined  parameters,  currents,  or  voltages. 

It  should  be  noted  that  ar\y  constant  inclosed  in  parentheses 
must  be  in  double  precision  format.  SCEPTRE  in  no  case  will 
recognize  integer  values. 

5)  Double  Precision  Function 

El,  11-21  =  FM1  (1111,  ILZZ . PCAQ,  PCFD) 

Elsewhere  in  the  input  data  is  Included  a  double  precision 
function  (e.g.,  FM1).  Enclosed  in  parentheses  is  a  calling 
list  of  parameters.  This  list  of  parameters  may  include 
double  precision  constants,  defined  parameters,  currents,  or 
voltages.  No  integer  values  are  allowed.  The  double  preci¬ 
sion  function  Is  discussed  in  detail  later.  It  should  be 
noted  that  function  subprograms  return  a  single  value. 
However,  if  the  value  of  any  variable  Included  in  the  calling 
list  of  parameters  Is  replaced  by  a  new  value  within  the 
function  subprogram,  then  that  variable  will  assumed  its  new 
value  outside  the  function  subprogram.  The  function  sub¬ 
program  may  In  this  way  be  used  to  change  many  variable 
values. 
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6)  Equation 


M12,  L11-L22  =  Q2  (1.9D-3,  PCAA) 

"y"  Is  the  symbol  used  by  SCEPTRE  to  denote  an  equation. 
Alternately,  the  symbol  "EQUATION"  may  be  used.  Each 
equation  must  have  a  unique  equation  number  (e.g.,  y2).  An 
equation  Is  defined  elsewhere  In  the  program  and  will  be 
discussed  later.  Enclosed  In  parentheses  is  a  calling  list 
of  parameters.  This  list  may  Include  double  precision 
constants,  defined  parameters,  currents  or  *'oltages.  No 
integer  values  are  allowed. 

U.2.4.2  Defined  Parameters 

"P"  is  the  symbol  used  by  SCEPTRE  to  denote  a  defined  parameter.  A 
defined  parameter  is  determined  only  in  the  defined  parameter  section  of  the 
program.  Defined  parameters  are.  In  general,  values  or  variables  used  in 
several  locations  In  a  program.  Two  uses  are  of  Immediate  concern. 

A  generator  model  uses  many  constants  which  are  related  to  actual  machine 
construction  and  which  are  measurable.  If  SCEPTRE  Is  used  as  a  design  tool, 
the  defined  parameter  value  of  a  constant  allows  for  changing  of  the  constant 
throughout  the  program  by  changing  only  one  data  entry. 

An  application  may  Include  the  formulation  of  the  same  algebraic 
expression  many  times.  A  defined  parameter  will  allow  for  evaluation  of  that 
expression  once,  and  will  save  subsequent  evaluations. 

Also  Included  under  defined  parameters  Is  the  solution  of  differential 
equations. 

DPS  =  XI  ( FD2THT ( I L 1 1 . PS)) 

PS  :  376.988D0 


183 


The  solution  of  this  differential  equation  Is 

t 

PS  *  /  OPS  +  constant 
to 

where:  t0  *  start  time 
tt  *  stop  t1n«e 
constant  s  Initial  value 
OPS  =  time  derivative  of  PS 

PS  =  Integrated  value  of  DPS  and  Initially  contains  the 
initial  value  of  PS. 

“D"  is  the  symbol  used  by  SCEPTRE  to  denote  a  differential  equation.  Each 
differential  equation  must  have  as  its  value  an  expression.  This  expression 
must  possess  a  unique  statement  number  and  must  be  followed  in  the  data  by  an 
accompanying  defined  parameter. 

D.2.4.3  Functions 

The  Functions  section  defines  both  equations  and  tables.  A  description 
of  the  calling  procedure  for  equations  and  tables  was  presented  earlier. 

EQUATION  1  (A,B,C,D)=(D*(A+B*DCOS(2.0D0*PT+C)) 

"Q"  is  the  symbol  used  by  SCEPTRE  to  denote  an  equation.  Alternately,  the 
symbol  "EQUATION"  may  be  used.  Each  equation  must  have  a  unique  equation 
number  (e.g.,  Ql).  Enclosed  in  parentheses  Is  the  symbolic  list  of  calling 
parameters.  To  the  right  of  the  equality  Is  the  equation,  enclosed  In 
parentheses,  to  be  evaluated.  All  arithmetic  statement  functions  and 
constants  must  be  expressed  in  double  precision  form. 

Since  an  equation  uses  symbolic  parameters,  the  user  may  use  a  given 
equation  many  times  In  a  program  by  providing  different  sets  of  calling  para¬ 
meters.  Defined  parameters  are  assigned  to  common  statements  Internally  to 
SCEPTRE  and  consequently  may  be  used  In  an  equation. 
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TABLE  1 

0.D0,  0.D0,  0.5D0,  1.0D0,  0.SD0,  2.0D0,  3.000,  3.000 
"T"  is  the  symbol  used  by  SCEPTRE  to  denote  a  taDle.  Alternately,  the 
symbol  "TABLE11  may  be  used.  Each  table  must  have  a  unique  table  number  (e.g., 
Tl).  The  data  card  immediately  following  a  table  identification  card  contains 
the  data  necessary  for  construction  of  a  table.  A  table  describes  a 
piece-wise  linear  function  as  a  function  of  time.  Odd-numbered  data  are 
values  of  time  while  even-numbered  data  are  values  of  the  described  function. 
The  example  given  above  may  be  plotted. 


FIGURE  77.  ILLUSTRATION  OF  SCEPTRE  TABLE  OF  VALUES 

At  any  given  time  (time=t),  SCEPTRE  will  use  linear  interpolation  to  determine 
the  value  of  table. 

D. 2.4.4  Outputs 

Plots  of  any  variable  -vs-  time  may  be  obtained.  In  order  to  obtain  a 
plot  of  a  single  variable,  the  statement  "PLOT"  is  used 
IL11,  IL22,  IL33,  PLOT 
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This  statement  will  provide  a  separate  plot  of  each  variable.  Plots  of 
more  than  one  variable  may  be  obtained  as  well  as  plots  of  one  variable  -vs-  a 
|  second  variable. 

D.2.4.5  Run  Controls 

SCEPTRE  may  be  controlled  by  use  of  input  data  for  any  allowable  control 
function.  Included  in  the  listing  are  a  few  of  the  allowed  controls. 
INTEGRATION  ROUTINES  =  IMPLICIT 

SCEPTRE  allows  numerical  integration  by  the  Backward  Euler  Algorithm 
(IMPLICIT),  the  Forward  Euler  Algorithm  (XPO),  and  the  Trapezoidal  Algorithm 
(TRAP).  Because  of  numerical  stability  consideration,  the  Implicit  algorithm 
is  used  in  generator  modeling. 

MINIMUM  ABSOLUTE  ERROR  =  l.D-8 

This  statement  controls  relative  error  (local  truncation  error)  and  Is  the 
relative  error  tolerance. 

STOP  TIME  =  0.4950(3 

This  statement  must  be  Included  with  an  appropriate  value  of  stop  time. 

D.2.4.6  Generator  Model  Element  Values 

In  the  elements  section  of  the  program  data,  several  resistors,  voltage 
sources,  current  sources,  inductors  and  mutual  Inductances  are  defined.  A 
detailed  explanation  of  each  element  follows.  Since  an  explanation  of  "from" 
node,  "to"  node,  and  assumed  voltage  and  current  polarities  has  been 
previously  presented  and  since  a  sketch  illustrating  the  connections  of  each 
element  has  also  been  presented,  no  further  discussion  will  be  made  of  circuit 
connections. 

EF1  «  375.0(1 

The  external  field  voltage  in  this  model  is  375  volts  (D.C.). 
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RAL  =  T1 
RBL  =  T1 
RCL  =  T1 


RA  =  1.5420-3 
RB  =  1.5420-3 
RC  *  1.542D-3 


This  model  uses  resistors  to  provide  a  load  to  each  phase  of 
the  generator.  The  value  of  the  load  resistors  Is  provided 
by  table  Tl.  These  resistors  are,  therefore,  a  function  of 
time  and  can  be  manipulated  to  provide  various  short  circuit, 
or  open  circuit  tests. 

These  resistors  represent  the  stator  winding  resistance  of 
each  phase. 


RF  =  0.6100  The  field  winding  resistance  plus  any  external  field 
resistance  Is  represented  by  RF. 

RD  =  18.421D-3  The  direct  axis  damper  winding  resistance  is  represented  by 
RO. 


Rq  =  18.9690-3  RQ  Is  the  quadrature  axis  damper  winding  resistance. 

El  =  FM1  (IL11,  IL22,  IL33,  iL44,  IL55,  IL66,  PS,  PT,  PCAA,  PCFF,  PCDO,  PCAF, 
PCAO,  PCAq,  PCFO) 

El  Is  the  speed  voltage  term  of  the  phase  "A"  circuit.  Since  El 
Is  a  complicated  expression,  function  subprogram  FM1  is  used  to 
determine  Its  value.  The  required  list  of  parameters  is  defined. 
IL11  -  current  through  inductance  Lll 
(Phase  “A"  current) 

1122  -  current  through  Inductance  L22  (Phase  "B") 

IL33  -  current  through  Inductance  L33  (Phase  “C") 

IL44  -  current  through  Inductance  L44  (field  current) 

IL55  -  current  through  Inductance  L55 

(direct  axis  damper  current) 

IL66  -  current  through  Inductance  Lbb 

(quadrature  axis  damper  current) 
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PS  *  rotor  speed  in  radians/second 
PT  -  rotor  angle  In  radians 

PCAA  -  saturation  multiplier  of  inductance  Lll  (Phase  “A") 

All  saturation  multipliers  will  be  further  defined  in 
defined  parameter  section. 

PCFF  -  saturation  multiplier  of  inductance  L44.  (field) 

PCDD  -  saturation  multiplier  of  inductance  L55.  (direct  axis 
damper) 

PCAF  -  saturation  multiplier  of  mutual  inductance  M14. 

(mutual  Inductance  between  field  and  phase  "A") 

PCAD  -  saturation  multiplier  of  mutual  Inductance  M15. 

(mutual  Inductance  between  direct  axis  damper  and  phase  "A") 
PCAQ  -  saturation  multiplier  of  mutual  inductance  M16. 

(mutual  Inductance  between  quadrature  axis  damper  and  phase 
" A “) 

PCFD  -  saturation  multiplier  of  mutual  inductance  M45. 

(mutual  Inductance  between  field  and  direct  axis  damper) 

The  remaining  speed  voltage  terms  follow  in  the  data.  The  calling  list  of 
parameters  In  each  voltage  term  is  identical  to  that  for  El. 

E2  =  speed  voltage  term  of  phase  "B"  circuit 

E3  =  speed  voltage  term  of  phase  "C"  circuit 

E4  =  speed  voltage  term  of  phase  field  circuit 

E5  *  speed  voltage  term  of  direct  axis  damper  circuit 

E6  =  speed  voltage  term  of  quadrature  axis  damper  circuit 
Each  of  the  function  subprograms  used  In  calculation  of  each  of  the  six  speed 
voltage  terms  will  be  described  in  detail  later. 


E1X  =  FM1X  ( IL 11 ,  IL22,  IL33,  IL44,  IL55,  IL66,  PS,  PT,  PCEq,  PDEQ) 

E1X  is  the  saturation  voltage  term  of  phase  “A"  circuit  which  contains 
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saturation  effects  Involving  terms.  Since  E1X  is  a  complicated  expression, 
function  subprogram  FM1X  is  used  to  determine  Its  value.  The  required  list  of 
parameters  is  defined. 

IL11  -  current  through  Inductance  Lll  (phase  “A"  current) 

IL22  -  current  through  Inductance  L22  (phase  "B"  current) 

IL33  -  current  through  Inductance  L33  (phase  "C"  current) 

IL44  -  current  through  Inductance  L44  (field  current) 

IL55  -  current  through  inductance  L55  (direct  axis  damper  current) 
1L66  -  current  through  inductance  L66  (quadrature  axis  damper 
current) 

PS  -  rotor  speed  in  radians/second 
PT  -  rotor  angle  In  radians 

PCEQ  -  equivalent  direct  axis  current.  This  term  will  be  defined 
in  detail  later 

PDEQ  -  time  derivative  of  equivalent  direct  axis  current.  This 
term  will  be  defined  in  detail  later 

The  remaining  saturation  voltage  terms  follow  in  the  data.  The  calling  list  of 
parameters  in  each  voltage  term  is  identical  to  that  for  E1X. 

E2X  -  saturation  voltage  term  of  phase  "B" 

E3X  -  saturation  voltage  term  of  phase  "C" 

E4X  -  saturation  voltage  term  of  field  circuit 

E5X  -  saturation  voltage  term  of  direct  axis  damper  circuit 

E6X  -  saturation  voltage  term  of  quadrature  axis  damper  circuit 
Each  of  the  function  subprograms  used  In  the  calculation  of  each  of  the  six 
saturation  voltage  terms  will  be  described  in  detail  later. 


NOTE:  In  any  stutty  in  which  the  full  effects  of  saturation  are  not  required, 
the  user  may  set  each  of  the  six  saturation  voltage  terms  to  zero. 

(e.g.,  E1X  =  0.D0) 

This  must  be  done  for  both  linear  model  and  the  partially  saturated 
model.  Significant  improvement  in  computation  time  with  minimal  loss  of 
accuracy  may  be  obtained. 

M12,  L11-L22  =  EQUATION  2  (MS,  LM,  PCAA,  PM2P3) 

M12  is  the  mutual  inductance  between  inductance  L 11  and  L22.  Since  M12  is 
an  expression,  its  value  is  determined  by  an  equation.  M12  is  defined  to  oe 
PCAA  *  (-MS  +  Lm  *  cos  (2e  -  2*/3)). 

The  constants  Ms  and  Lm  are  measured  unsaturated  machine  inductance  values  as 
described  by  Anderson  and  Fouad. 

The  calling  list  of  parameters  is  defined. 

MS  -  the  value  of  Ms 

LM  -  the  value  of  Lm 

PCAA  -  the  normalized  saturation  multiplier  applicable  to  stator 
inductances.  PCAA  will  be  defined  in  detail  later. 

PM2P3  -  the  defined  parameter  constant  equaled  to-2ir/3  radians. 
M13,  LU-L33  =  EQUATION  2  (MS,  LM,  PCAA,  P2P3) 

M13  is  the  mutual  inductance  between  Inductance  Lll  and  L33.  M13  is 

defined  to  be 

PCAA  *  (-Ms  +  Lm  *  cos(2e  +2tt/3)). 

The  calling  list  of  parameters  is  defined. 

MS  -  the  value  of  Ms 

LM  -  the  value  of  Lm 

PCAA  -  the  normalized  saturation  multiplier  used  in  stator  self 
inductances. 
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P2P 3  -  the  defined  parameter  constant  equal  to  2w /3. 

M14,  L11-L44  =  EQUATION  9  (1.,  MAF,  PCAF,  0.) 

M14  Is  the  mutual  inductance  between  inductance  111  and  L44.  M14  Is 
defined  to  be 

1 . *PCAF  *  MAF  *  COS  ( 8  +  0. ) 

The  calling  list  of  parameters  is  defined 

1.  -  a  constant 

MAF  *  the  value  of  M^p.  The  constant  M^p  Is  the  measured 

unsaturated  generator  mutual  inductance  between  phase  "A" 
and  field  as  described  by  Anderson  and  Fouad. 

PCAF  -  the  normalized  saturation  multiplier  applicable  to  stator  - 
field  mutual  inductance.  PCAF  will  be  defined  in  detail 
later. 

0.  -  a  constant 

M15. ,  L11-L55  =  EQUATION  9  (1.,  MAD,  PCAD,  0.) 

M15  is  the  mutual  inductance  between  inductance  Lll  and  L55.  M15  is 
defined  to  be 

I.  *  PCAD  *  MAD  *  C0S(e  +  0.) 

The  calling  list  of  parameters  Is  defined 

1.  *  a  constant 

MAD  -  the  value  of  M^g.  The  constant  M^g  is  the  measured 

unsaturated  generator  mutual  inductance  between  phase  "A" 
and  direct  axis  damper  as  described  by  Anderson  and  Fouad. 

PCAD  -  the  normalized  saturation  multiplier  applicable  to 

stator  -  direct  axis  damper  mutual  inductance.  PCAD  will  be 
defined  in  detail  later. 

0.  -  a  constant 

M16,  L11-L66  =  EQUATION  8  (1.,  MAQ,  0.,  PCAQ) 

M16  Is  the  mutual  Inductance  between  inductance  Lll  and  L66.  M16  is 
defined  to  be 
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1.  *  PCAQ  *  MAQ  *  SIN ( 0  +  0.) 

The  calling  list  of  parameters  is  defined 
1.  -  a  constant 

MAQ  -  the  value  of  MAQ.  The  constant  MAQ  is  the  measured 

unsaturated  generator  mutual  inductance  between  phase  "A" 
and  quadrature  axis  damper  as  described  by  Anderson  and 
Fouad. 

0.  -  a  constant 

PCAQ  -  the  normalized  saturation  multiplier  applicable  to  stator  - 
direct  axis  damper  mutual  Inductance.  PCAO  will  be  defined 
In  detail  later. 

M23,  L22-L33  =  EQUATION  2  (MS,  LM,  PCAA,  0.) 

M23  is  the  mutual  Inductance  between  Inductance  L22  and  L33.  M23  is 
defined  to  be 

PCAA  *  (-MS  +  LM  *  COS  (28+0.)) 

All  entries  In  the  calling  list  of  parameters  are  previously  defined. 

M24,  L22-L44  =  EQUATION  9(1.,  MAF,  PCAF,  PM2P3) 

M24  Is  defined  to  be 

1.  *  PCAF  *  MAF  *  COS  ( 6  -  2w/3) 

All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

M25,  L22-L55  =  EQUATION  9  (1.,  MAD,  PCAD,  PM2P3) 

M25  is  defined  to  be 

1.  *  PCAD  *  MAD  *  COS  (8  -  2tt/3) 

All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

M26,  L22-L66  =  EQUATION  8  (1.,  MAQ,  PM2P3,  PCAQ) 

M26  Is  defined  to  be 

1.  *  PCAQ  *  MAD  *  SIN  (8  -  2ir/3) 

All  entries  In  the  calling  list  of  parameters  are  previously  defined. 

M34,  L33-L44  =  EQUATION  9  (1,,  MAF,  PCAF,  P2P3) 

M34  Is  defined  to  be 

1.  *  PCAF  *  MAF  *  COS  (8  +  2ir/3) 
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All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

M35,  L33-L55  =  EQUATION  9  (1.,  MAD,  PCAD,  P2P3) 

M35  is  defined  to  tie 

1.  *  PCAD  *  MAD  *  COS  (0  +  2tt/3) 

All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

M36,  L33-L66  =  EQUATION  8(1.,  MAQ,  P2P3,  PCAQ) 

M36  is  defined  to  be 

1.  *  PCAQ  *  MAQ  *  SIN  (8  +  2ir/3) 

All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

M45,  L44-L55  =  X13  (MFD  *  PCFD) 

M45  is  defined  to  be 
PCFD  *  MFD. 

The  terms  in  the  expression  are  defined. 

MFD  -  the  value  of  The  constant  Mpp  is  the  measured 

unsaturated  generator  mutual  Inductance  between  field  and  direct 
axis  damper  as  described  by  Anderson  and  Fouad. 

PCFD  -  the  normalized  saturation  multiplier  used  in  field-direct  axis 
damper  mutual  inductance. 

Lll  =  EQUATION  1  (LS,  LM,  0.,  PCAA) 

LI1  is  defined  to  be 

PCAA  *  (LS  +  LM  *  COS  (2e  +  0.)) 

The  calling  list  of  parameters  is  defined 

LS  -  the  value  of  Ls.  The  constant  Ls  is  the  measured  unsaturated 

generator  Inductance  value  associated  with  stator  self -Inductance. 
LM  -  the  previously  defined  constant  Lm. 

0.  -  a  constant 

PCAA  -  the  previously  defined  saturation  multiplier. 

L22  =  EQUATION  1  (LS,  LM,  P2P3,  PCAA) 

L22  Is  defined  to  be 

PCAA  *  (LS  +  LM  *  COS  (20  +2ir/3)) 
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All  entries  In  the  calling  list  of  parameters  are  previously  defined. 

L33  =  EQUATION  1  (L%,  LM,  PM2P3,  PCAA) 

L33  is  defined  to  be 

PCAA  *  (LS  +  LM  *  COS  (2  0  -  2ir/3)) 

All  entries  in  the  calling  list  of  parameters  are  previously  defined. 

L44  =  Xll  (LFF  *  PCFF) 

L44  is  defined  to  be 
PCFF  *  LFF. 

The  terms  in  the  expression  are  defined. 

LFF  -  the  measured  unsaturated  field  self -inductance 
PCFF  -  the  normalized  saturation  multiplier  applicable  to  field  self¬ 
inductance. 

L55  =  X12  (LDO  *  PCOO) 

L55  is  defined  to  be 
PCOO  *  LDD 

The  terms  in  the  expression  are  defined. 

LDD  -  the  measured  unsaturated  direct-axis  damper  self-inductance. 

PCDD  -  the  normalized  saturation  multiplier  applicable  to  direct  axis 
damper  self-inductance. 

L66  =  LQQ 

LQQ  -  the  measured  unsaturated  quadrature-axis  damper  self -inductance. 
This  model  assumes  no  quadrature  axis  saturation  effect. 

D.2.4.7  Defined  Parameters 

PCEQ  =  FIEQ  (IL11,  IL22,  IL22,  IL33,  IL44,  IL55,  NFA,  NFD,  PT) 

PCEQ  is  the  equivalent  direct  axis  current  and  is  defined  to  be 
IL44  +  NFD  *  IL55 

+  NFA  *  ( IL 11  *  COS  (0)  +  IL22  *  COS  (8  -  2  tt/3)  +  IL33  *  COS 
(  6+  2ir/3) ) 


The  value  of  PCEQ  is  determined  by  the  function  subprogram  FIEQ.  The  calling 
list  of  parameters  is  defined. 

1L11 ,  IL22,  IL33,  IL44,  IL55  -  previously  defined  values  of  current  In 

phase  "A",  phase  “B",  phase  "C",  field,  and  direct  axis  damper 
NFA  -  turns  ratio  of  phase  "A"  stator  winding  to  field  winding 
NFD  -  turns  ratio  of  direct  axis  damping  winding  to  field  winding 
PT  -  rotor  angle  in  radians. 

PDEQ  =  FDEi)  (DLll,  0L22,  DL33,  0L44,  DL55,  NFA,  NFO,  PS,  PT,  IL11,  IL22,  IL33) 
PDEQ  is  the  time  derivative  of  the  equivalent  direct  axis  current  and  is 
defined  to  be. 

^  ( IL44)  +  NFD  *^-UL55) 

+  NFA  *  [COS  (9)*^-  ( 1L11 )  +C0S  (e-2w/3)  *^(^22)  + 
COS  (e  +  2it/3) *  ■$£  ( IL33)] 

-  PS  *  NFA  *  [IL11  *  SIN  (0)  +  IL22  *  SIN  (e  -  2tt/3) 

+  IL33  *  SIN  (0  +  2ir/3)] 

The  value  of  PDEQ  Is  determined  by  the  function  subprogram  F DEO .  The  calling 
list  of  parameters  Is  defined. 

DLll  -  the  label  assigned  by  SCEPTRE  to  the  time  derivative  of  current  through 
inductor  LI 1.  (i.e.,  DLll  =  (1L11)) 

DL22,  DL33,  DL44,  DL55  -  the  time  derivatives  of  current  through  Inductors  L22, 
L33,  L44,  and  L55. 

NFA,  NFD  -  previously  defined  turns  ratios. 

PS  -  rotor  speed  in  radians/second. 

PT  -  rotor  angle  in  radians 
IL11,  IL22,  IL33  -  stator  currents. 

PCAA  =  FPOLY  (Al,  A2,  A3,  A4,  PCEg,  LIM,  AO) 


PCAA  Is  the  normalized  saturation  multiplier  which  is  applicable  to  each 
stator  self -inductance  and  to  each  stator  -  stator  mutual  inductance.  The 
value  of  PCAA  is  determined  by  the  function  subprogram  FPOLY.  Function 
subprogram  FPOLY  is  used  for  all  saturation  multipliers.  Each  saturation 
multiplier  is  defined  by  the  polynomial 

AO  +  Al  *  PCEq  +  A2  *  PCEQ  **  2  +  A3  *  PCEq  **  3  +  A4  *  PCEq  **  4. 
Al,  A2,  A3,  A4,  AO  -  linear  regression  constants. 

A  table  of  experimental  measurements  is  required  to  be  made.  These 
measurements  relate  saturated  values  of  inductance  or  mutual 
inductance  to  equivalent  direct  axis  current  (PCEq).  Linear 
regression  analysis  is  applied  to  the  data.  After  the  “best  fit" 
is  determined  using  polynomials  of  order  1  through  order  4,  the 
regression  constants  are  determined. 

PCEQ  -  equivalent  direct  axis  current 

LIM  -  in  general,  the  derived  polynomial  is  applicable  only  in  the  range 
of  current  PCEq  =  0  to  PCEq  =  LIM.  If  during  solution,  a  current 
PCEq  is  greater  than  its  limit,  then  the  value  of  FPOLY  will  be 
determined  at  PCEq  *  LIM, 

All  saturation  multipliers  must  be  set  equal  to  zero  in  the  linear  generator 
model . 

PCFF  =  FPOLY  (Al,  A2,  A3,  A4,  PCEq,  LIM,  AO) 

PCFF  is  the  normalized  saturation  multiplier  applicable  to  field  self 
inductance. 

The  following  normalized  saturation  multipliers  are  listed. 

PCOO  -  direct  axis  damper 

PCAF  -  stator-field  mutual  Inductance 
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PCAO  -  stator-direct  axis  damper  mutual  inductance 
PCAQ  -  stator-quadrature  axis  damper  mutual  inductance 
PCFO  -  field-direct  axis  damper  mutual  inductance 
P2P3  =  2ir/3  =  a  constant 
PM2P3  =  -  2ir/3  *  a  constant 

DPS  =  XI  (FD2THT  (IL11,...,IL66,  El . E6,  PS)) 

DPT  =  X2  (PS) 

PS  =  376.998 
PT  =  2.455 


SCEPTRE  provides  for  the  solution  of  differential  equations  under  the 
defined  parameter  section.  These  four  statements  provide  for  the  solution  of 
two  nested  differential  equations. 

PS  -  Rotor  speed  in  radians/second 

Initial  value  of  rotor  speed  is  input  as  376.998  radians/second. 

PS  is  the  evaluation  of  the  Integral 
PS  =  /  DPS. 

PT  -  Rotor  angle  in  radians. 

Initial  value  of  rotor  angle  is  input  at  2.455  radians. 

PT  is  the  evaluation  of  the  Integral 
PT  =  /  OPT  =  /  PS 

DPS  is  determined  by  function  subprogram  FD2THT  and  is  expressed  as  the 
following  equation. 

OPS  ■  (PS)  . 
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where  TM  =  constant  mechanical  torque 
J  =  polar  moment  of  inertia 

TE  *  variable  electrical  torque  as  calculated  by  the  equation. 

TE  =  is\[ITU] 

I  =  the  vector  containing  six  currents 
IT  =  the  transpose  of  I 
L  =  the  Inductance  matrix 

After  performing  the  indicated  matrix  multiplication  using  symbolic  notation 
and  after  finding  the  derivative  with  respect  to  theta  (6),  certain  simpli- 
cations  are  evident.  The  speed  voltage  terms  (E1,...,E6)  have  been  pre¬ 
viously  calculated.  These  derived  terms  are  also  present  in  the  derivation  of 

TE.  For  this  reason  the  speed  voltage  terms  are  used  in  the  parameter  list  and 

in  the  calculations  of  TE.  TE  is  derived  to  be 

TE  =  (El  *  IL11  +  E2  *  IL22  +  E3  *  IL33 

+  E4  *  IL44  +  E5  *  IL55  +  E6  *  IL66)/(2.*P$) 

Accelerating  torque  is  TM-TE. 

_  TM-TE 
J 

TM  =  SB3  *  PM/OMEGAR 

SB3  -  MVA  rating  of  the  generator 

PM  -  per  unit  generation  level  at  which  the  generator  Is  operating 
OMEGAR  -  rated  rotor  speed  in  radians/second 
The  calling  list  of  parameters  has  been  previously  defined. 

1111,  IL22,  IL33,  IL44,  IL55,  IL66  -  current  through  each  of  six  inductors 

El,  E2,  E3,  E4,  E5,  E6  -  speed  voltage  terms  appearing  in  each  of  the  six 

circuits  in  the  generator  model. 

PS  -  rotor  speed  in  radians/second. 


0.2. 4. 8  Functions 

The  previously  discussed  mutual -Inductances  and  self -inductances  made  use 
of  equations.  A  list  of  parameters  was  provided  in  the  evaluation  of  each 
Inductance.  Each  equation  is  evaluated  by  the  use  of  symbolic  notation.  In 
this  manner,  one  equation  function  maty  be  used  to  evaluate  any  number  of  terms. 
Since  each  of  the  four  equations  were  discussed  previously,  no  further 
discussion  is  made  here. 

TABLE  1 

This  table  is  used  in  the  evaluation  of  load  resistors  RAL,  RBL ,  and  RCL 
during  certain  system  disturbances.  For  a  three  phase  fault  applied  at  time  * 
0.05  second,  all  three  load  resistors  should  be  equal  to  Table  1  (Tl).  For  a 
line-to-ground  fault  on  phase  "C",  load  resistors  RAL  and  RBL  should  be  set 
equal  to  a  constant  while  RCL  should  be  equal  to  Tl. 

The  operation  of  the  table  function  has  been  discussed  previously. 

D.2.4.9  Outputs 

This  section  contains  the  variable  names  whose  values  are  to  be  plotted 
for  output. 

D.2.4.10  Initial  Conditions 

Initial  values  are  required  of  all  state  variables.  SCEPTRE  will  default 
to  a  value  of  zero  for  any  missing  initial  values.  In  the  generator  model 
formulation,  the  state  variables  are  the  six  self -inductance  currents 
( IL11 , • • . ,IL66) .  Initial  values  of  each  of  these  currents  are  calculated  by 
hand  or  by  a  separate  program  of  the  user's  design. 

D.2.4.11  Run  Controls 

Integration  Routine  =  Implicit 

The  Backward  Euler  integration  routine  (Implicit)  is  used  in  this 
model  and  is  reconnended. 


Minimum  Absolute  Error  =  l.D-8 

The  relative  error  tolerance  Is  set  to  l.D-8  and  a  value  of  the 
user's  discretion. 

Computer  Save  Interval  =  5 

Specification  of  this  parameter  can  result  in  the  output  of  results 
even  though  certain  abnormal  stop  conditions  maty  have  occurred. 

Plot  Interval  *  1.67D-2 

The  value  of  the  plot  interval  is  at  the  user's  discretion  and  is 
specifically  used  in  multiple  plots. 

Stop  Time  =  .049500 

Stop  time  is  the  user  specified  time  at  which  calculations  are 
halted. 

D.2.4.12  Function  Subprograms 

Several  function  subprograms  have  been  previously  discussed.  These  are 
1 i sted. 

FD2THT 

FIEq 

FOEy 

FPOLY 

Function  subprograms  FM1X,  FM2X,  FM3X,  FM4X,  FM5X,  FMbX  call  upon  function 
subprogram  FPOLY.  FP0LY1  determines  the  slope  of  a  saturation  multiplier 
function.  The  same  regression  constants  used  in  the  evaluation  of  FPOLY  are 
used  in  FP0LY1. 

If  FPOLY  =  AO  +  A1  *  CEW  +  AZ  *  CEQ  **Z  +  A3  *  CEQ  **  3,  then  FP0LY1  =  A1 
+  2.*AZ  *  CEy  +  3.*A3  *  CEQ  **  2. 
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If  current  (PCEQ)  is  greater  than  a  user  defined  upper  limit  (LIM),  FP0LY1 
is  set  to  zero. 

FP0LY1  is  used  to  evaluate  the  values  of  the  terms  PDAA,  PDAF,  PDAD,  and 
POAy.  It  is  understood  that  PDAA,  PDAF,  PDAD,  PDAQ  are  the  instantaneous 
slopes  of  PCAA,  PCAF,  PCAD,  and  PCAg. 

FM1X  is  the  function  subprogram  used  to  evaluate  E1X.  Each  of  the  calling 
parameters  has  been  previously  discussed.  All  required  machine  constants  are 
listed  In  the  subprogram. 

P2P3  =  2  ir/3 
PM2P3  =  -  2ir/3 
PLS  =  Ls 
PMS  =  Ms 
PLM  =  Lm 
PMAF  =  M^: 

PMAD  =  Mm 
PMAg  =  MAg 

Since  a  long  Involved  calculation  is  made,  the  resultant  is  expressed  as  the 
sum  of  several  parts. 

FM1X  =  PDEQ  *  (CL11  +  CL12  +  CL13  +  CL14  +  CL15  +  CL16) 

Values  of  CL11,  CL12,  CL13,  CL14,  CL15,  and  CL16  are  separately  determined. 
Inspection  of  each  of  these  six  terms  may  be  readily  performed  by  the  user  and 
compared  with  the  derivation. 

FM2X,  FM3X,  FM4X,  FM5X,  FM6X  -  the  saturation  voltage  terms  E2X,  E3X,  E4X,  E5X, 
E6X  are  determined  by  these  function  subprograms.  Analysis  of  each  subprogram 
is  similar  to  that  for  FM1X. 
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FM1  is  the  function  subprogram  used  to  evaluate  El.  Each  of  the  calling 
parameters  has  been  previously  defined.  All  required  machine  constants  are 
listed  in  the  subprogram. 

P2P3  =  2it/3 
PM2P3  =  -  2ir/3 
PLM  =  Lm 
PMAF  =  Maf 
PMAD  =  Mad 
PMAg  *  MAy 

The  function  is  evaluated  piecewise. 

SL1  *  2,  *  PCAA  *  Lm  *  SIN{20)  *  IL11 
SL2  =  2.  *  PCAA  *  Lm  *  SIN(2@  -  2tt/3)  *  IL22 

SL3  =  2.  *  PCAA  *  Lm  *  SIN(20  +  2*/3)  *  IL33 

SL4  *  PCAF  *  *  SIN  (0  )  *  IL44 

SL5  «  PCAD  *  Mad  *  SIN  (0)  *  IL55 

SL6  =  PCAg  *  Mad  *  COS  (0)  &  IL66 

El  =  FM1  =  PS  *  (SL1  +  SL2  +  SL3  +  SL4  +  SL5  +  SL6) 

The  remaining  function  subprograms  (FM2,  FM3,  FM4,  FM5,  FM6)  are  similarly 
analyzed. 
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D.2.4.13  GENERATOR  MODEL 


//GFBLL3  JOB  (09  1  5-5-20  0- GB-  ,30), *G  F  B  E  LL  * /-PEG  I  ON  =1 0  24  X 
//STEP1  EXEC  SUPERSEP 
//6.SYSIN  DD  * 

CIRCUIT  DESCRIPTION 
ELEMENTS 
EF1  #34-0*375-  DO 
SAL  *  31  -.0=T1 
R3  L, 32-0=T1  - 
RCL,33-0=T1 
fiA, 1-11=1 .542D-3 
R3, 2-12=1 .542D-3 
.  PC, 3-13=1 .542D-3 
ftF,4-14  =  0.61  DO 
RD,5-15  =  1B.421D-3 
RQ, 6-16=1 S.969D-3 

E1,11-21  =  FM1(IL11,IL22,IL33,IL44,IL55,IL66,PS, 

PT,  P C  AA  ,  PCF  F  , PC  DD , PC  A F  ,  PC  AD/PCAQ , PC  F  D) 

E2,12-2  2=FM2(  ILl  1  ,1 L  2  2  ,  I  L33,IL44  ,IL55,IL66,PS, 

PT,PCAA,PCFF,PCDD,PCAF,PCAD,PCAQ,?CFD) 

E3,13-23=FM3<IL11  ,IL22,IL33,I  L4  4  ,  I  L55  ,  I  L6  6 ,P  S, 

PT,PC AA,PCF  F,PCDD ,PC  AF,PC AD ,PCAQ ,PCFD> 

5  4,1  4-2  4=F  M4  (IL1 1  ,IL22,I  L33,I  L44,IL55,IL66,PS, 

PT,PC  AA,PCF  F  , PC  DD ,POAF ,PC  AD,P  CAQ ,PCF  D) 

£5,15-2  5  =FM5(IL1  1, IL 22 , 1 L33, IL4 4 ,1 L 5 5,1 L 66, PS, 

PT, P  C  AA, PCF  F , PC  D  D ,PC  AF,PCAD,PCAO ,PCFD) 

£6,16-2  6  =FM6  (ILl  1,IL22,IL33,  IL4  4 , 1  L5  5 ,1  L  66,  PS, 

PT,PCAA>PCF  F,  PCDD, PC  A  F  ,  PC  AD  ,  P  C  A  Q  ,PC  F  D  > 

F1X,21-31=FM1X(IL  11,1  L  22,  IL  33,1  L  44,1  L  55,1  L66,  PS,  PT,PCEQ,  PD  EO  ) 
E2X,22-32  =  FM2X(IL11,IL2  2,IL33,IL44,IL55,IL66,PS,PT,PCEQ,  PDEQ  ) 
E3X,23-33  =  FM3X(IL11  ,IL2  2,IL33,IL44,IL  55,1  L66  ,PS,PT,PCED,  PDEQ  ) 
E4X,24-34  =  FM4X(IL11,IL22,IL33,2L  44,IL  55,1  L66,PS,  PT,PCEC,PDEQ  ) 

£5  X,  25-0  =FM5X(IL  11,IL2  2,IL33,IL  A4,IL55,I  L66  ,TS,PT,PCE  0,  PDEO  ) 

E6  X,  26-0  =FM6X(IL11,IL2  2,IL33,IL  44  ,1 L  55,1  L  66  ,PS,  PT  ,  PCE  Q,  PDEQ) 

**1  2,  L11  -  L22=EQJAT  ION  2  <  1  .75945D  -3 , 7.  433D  -5  ,  PC  A  A  ,PK2P3  ) 

-  '  (1  .759450-3,7.  433D-5,PCAA,P2P3) 

( 1 .000,89. 006D-3,PCAF ,u.ODO) 

(1.000,4. 220980-3, PCAD,0. DDO) 

(1 .ODD, 1 .96904 D-3 , 0 .0 DC,P C AQ ) 

(1  .759  450-3,7. 433 D -5, PC  A A, 3. ODO) 

(1  .000,89 . 0  06D  —3  ,P  C  A  F  ,PM2P3) 

(1 .0D0,4.22398D-3,PCAD,PM2P3) 

(1 .0D0,1 . 96  904  D— 3 , PM 2 P3 , P CAQ ) 

<1 .000,89 .0060 -3,PCAF ,P2P3) 

_  ___  _  _  <1  .000,4. 22098D-3,PCAD,P2P3) 

I*36,L33-L66=EQUATI0N  B  (  1  .  ODD  ,1 . 96904  D-3,  P2P  3, PC  AQ  ) 

P4  5,L44-L55=X13(.099013  83*PCFD) 

Ll1,0-1=EaUATIDN  1  <4.47005D-3,7.433D-5,0.0DC,PC  AA) 

L22 , 0-2  =EQUATION  1  (4 . 47 D 05D- 3,7  .433 D -5 , P 2 P3  ,PCA A) 

L33, G-3  =  E  QU  ATI  ON  1  ( 4 .4 7005D- 3,7 .4330 -5 ,PM2P3,PC AA) 

L44,G-4=  X11(2.189*PCFF) 

L5  5, 0-5=  X12(5.98  9D-3*PCDD) 

L 6 6 ,  0- 6  =  1.423D-3 
DEFINED  PARAMETERS 

FCEQ  =  FI EO (ILl 1 , 1  L 22, 1 L3 3, IL44 ,1 L 55 ,4 .C66D -4 , 4 .98 007 D -2 ,PT) 

FDEQ*FDEQ (DL1 1,DL22,DL33, DL44 ,DL55,4. 066D-4, 4.98C07D-2,PS,PT, 

P  C  A  A  =  FP0LY(-2'9^46D-5^-1  .  077  1  D- 7, 2 . 0  394  D -1 1  ,0.  D  0,P  CEO  ,3 .0  3,  .9  836  DO) 
PC  F  F  =  FPDLY(-2.9867D-5,-1  .051  90-7,1.86990-11 ,0.0  C,P C EO ,3 . 03,  1 . 008  DO) 
?CDD  =  FPOLT (-2.15 69D-5, -7.958 6D- 8,1 .5  930-11, O.DO,PCEQ, 3. 03,. 97 827  DO) 
PC  A  F  =  F  POLY  (-6.  92  020-5,-8.471  90- 8, 1 . 6303D-1 1  ,  L'.D  0,P  CEO  ,3 .0  3,  1 .  DO  ) 

PC  AD  =  F POLY (-8.01  20-5,  — 6. 1443 D-8 ,1  .29 83D-1 1 , 0. 00, PC EQ, 3. D3, .  98  86B C) 

PC  A  Q  =  FPOLT <- 2. 63 22 D- 5, -5. 551  1 D- 8,1 .01 82D-1 1 , 0. D 0,P C EQ ,3 . D3,  .9  9419D0) 
? CFD=  F POLY (-6. 93 55 0-5, -6  .666 3D- 8 , 1 . 3 054 0 -1 1  , G-D  0,P CEQ ,3 . D3, 1 . Du ) 
n  P3  =  2. 094395102400 

PM2P3=-2.D94395102400  ,  , 

D  PS  =X1  (FD2THTdL11,IL22,IL33,IL  44,  IL  55,1  L66  ,E  1 ,  E2,  E  3,  E4  ,E  5,  E6  ,PS  )) 


2 

9 

9 


M13,L11-L33  =  EQ*JAT10N 
^■1  4,L11-L44  =  ECUATI0N 
'*15,L11-L55  =  ECUATI0N 
M16,L11-L66  =  EQUATI0N  8 
M23,L22-L33=EQUATION  2 
«24,L22-L44=EQUATI0N  9 
'*25,L22-L55=EQUATI0N  9 
M26,L22-L66=EQUATI0N  8 
tt34,L33-L44  =  EQJATI0N  9 
M35,L33-L55=EQJATION  ‘ 
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0.2.4.13  GENERATOR  MOOEl  (Continued) 


0  PT  =  X2 (PS) 

PS=376.998D0 
PT  =  2. 455000  0 
PUNCTIONS 

EQUATION  1  (A,8,C,D)=(D*(A+B*DC0S(2.0D0*PT+C))) 

EQUATION  2  (  A  ,B,  C  ,D )  =  ( C  *  (  -A  +  B* DCOS < 2 . OD 0*PT+D) )) 

EQUATION  S  (A,B,C,D)=(A*B*D*DS1N  (3T+C  )  ) 

EQUATION  9  (  A ,3 , C  ,0)  =  (A*B*C*D  COS  (PT+D  )  ) 

TABLE  1 

O.0D0,1  .75781  DO,  .  05D0/1  .  75781  DO,  .C5D0/Q.D0,.  IDO,  O.DO,.  ID  0,1 . 757S1D0, 

10.00,1  .75781  DO 

OUTPUTS 

2111  , 1122, IL33, PLOT 
:L44,IL55,IL66,PS 
£1X,E2X,E3X,E4X,E  5X,E6X 
INITIAL  CONDITIONS 
ILl  1  =69  67 . 3  5  0  0 
IL22=-3483. 67500 
IL33=-3433.675D0 
IL  44=633.  3780  *? 

IL55=0. DO 
IL  66  =  0. DO 
3  U  N  CONTROLS 

INTEGRATION  ROUTI NE=I  MPLI Cl T 
At  I N I  MUM  ABSOLUTE  ERR0R=1.D-B 
COMPUTER  SAVE  INTERVAL  =  5 
PLOT  INTERVAL  =  1.67D-2 
STOP  TIME=. 0495DO 
ND 
/  » 

/ FORT. FORTSRC  DD  * 

D0U3LE  PRECISION  FUNCTION  F D  2TH  T l  IL  1  1  ,  IL 22 , 1  L  33,  IL 4  4 , 1  L5  5  ,  I  L66  , 

1  El,E2,E3,E4,E5,E6,PS> 

IMPLICIT  REAL*8(A-Z> 

THIS  SUBPROGRAM  COMPUTES  ROTOR  ANGLE  ACCELERATION 

DATA  S63,PM,HC0N,0M£GAR / 1 6 0 . DD 6 ,C . 8 D 0, 2 . 37d 0,376 .99SD0/ 

TE  =  IL1  1  *E1  +IL2  2*  E2  +IL33*E3  +IL44*E4  +IL55*E5  +IL66*E6 
TE=  TE / ( 2 . D  0  *  PS) 

T M=  SS3  *  PM/OMEGAR 

F  D  2TH  T  =  (TM  -  TE  )  /  5336  .DO 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  F  I  EQ  (  IL  1  1 , 1  L  22, 1 L 33 ,1  L  44  ,  I LS  5, 

1  PN  FA  ,PNFD,PT> 

IMPLICIT  REAL*8  (A-H  ,1,0-Z) 

THIS  SU3R0GRAM  COMMUTES  THE  EQUIVALENT  CURRENT  ALONG  THE  RO  TO  P  AXIS. 
I  REFER  TO  PAPER  BY  SMITH  AND  SNIDER  FOR  THEORECTICAL  FORMULATION. 

A  =  DCOS(PT) 

B  =  DC0S(PT-2. 094395102393  DO) 

C  =  DCOS(PT +2. 0943951  02  393D3) 

S  TE  PI  =  ( I  L  11  *  A  ♦  I  L2  2*  B  +  I  L33  *C  )  *  2  .  D  0/3  .  DD 
STEP2  =  PNF  D*IL  55  +  PNFA*STEP1 
FIEQ=  IL44  ♦  STEP2 
F IE  Q=  DA3S (FIEQ) 

RETURN 
END  - 

D0U3LE  PRECISION  FUNCTION  F D E Q ( D Li  1 , D L 22, D L33 , DL 44 , DL5 5, 

1  PNFA/PNFD,PS/PT/IL1 1 ,IL22,IL33) 

IMPLICIT  RE  AL*8(A-H,I,0-2) 

A  =  DCOS(PT) 

B  =  DC0S(PT-2. 094395102393  DH) 

C  =  DCOSCPT+2. 094395102393  00) 

PM2P3  =  -2. 0943951  0  2393D0 

P2P3=  2  .0943951  02393D0 

STEP1  =  ( D  L 1 1  *  A  +  DL22*B  ♦  DL33*C) 

STE?2  =  I L 1 1*DSIN <PT)  ♦  I L 2 2 *DS I N CP T  +  PM 2?3 )  ♦  IL 33  *  OS  I N( PT  +  P2P3 ) 
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0.2.4.13  GENERATOR  MODEL  (Continued) 


FDEQ  *  0L44  ♦  PNFD3DL55  +  PNFAMSTEPI  -  PS  *  STEP2) 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  FPOLY ( A1 * A2* A3*A 4*P CEQ *LIM *A 0)  . 
IMPLICIT  REAL38(A-Z) 

C 1 *PC  EO 

IFCPCEQ  .GT.  L1M) Cl *LIM 

C2*C1*C1 

C3*C1 3C2 

C4*C1 *C3 

FPOLY  *A  0  ♦  Al  3C 1  ♦A23C2  +A3*C3  +A43C4 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  FPOLY 1 < A1 *A 2 * A3, A4 * PCE Q* LIM> 

IMPLICIT  RE  AL  *8  (A  -Z  > 

C1*PCEQ 
C2*C1 *C 1 
C33C1*C2 
C  4=C 1 3C  3 

FPOLY 1 3  Al  +2.D0*A2*C1  +3.D03A33C2  +4.D0*A4*C3 

I F( PCEQ  .3 T  .  LI  N) FPOLY1 3  0  • DO 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  FM1X(IL11*IL22*IL33*IL44#IL55*IL66*PS* 
1  PT*  PCEQ  *PDEQ ) 

IMPLICIT  REAL3S(A-Z) 

?2P3*2 . 0943  951  Q24d  0 
PM2P3*-2.Q9 43951024  DO 
PLS=4. 475050-3 
PMS  31  . 7 594  5  D-3 
PLN»3  .074330-3 
PMAF»89 .3060-3 
PMAv>*4. 223980-3 
PMA  Q -1 . 959040-3 

PDA A*  FPOLY 1(-2.9246D-5*-1 .0771 D-7* 2. 0394D -1 1 *0. DO *PCE C, 3. D 3) 

P0A  F  ®  FPOLYK-6.92  02D-5  *-8 .47190-8*1  .63330  -11  *C.DC*PCEC*3.D3) 
POAD3  FPOLY  1< -8  .0  1  2  D-5*  -6 . 1  4  430  -8  *  1  .2  9  830-11*0. DO*  PC  EQ  *3.03  ) 
PDAQ3  F POL Y1 (-2.6  3  220-5 *-5  .5511  D-8* 1 . 0 1S2D-1 1  *  0. DO *PCE Q* 3. D 3) 

CL  1 1  3  -PD  A  A  *  (PL  S  ♦  PL  M  *DC0S(2.D0  *  PT>  )  *  IL1  1 

CL1 2=  -PDA A  *  ( -PMS  ♦  PLM  *  DCOS(2.DO*  PT  ♦  PM2P3))  3  IL22 

C  Li  3s  -PD  A  A  •  ( -P  MS  ♦  PLM  *  0C0S(2.DQ*  PT  *  P2P3))  3  IL33 

CL14*  -  PD  A  F  *  PMA  F  *  DCOS(PT)  *  IL44 

CL153  -PDAD  *  PM  A  D  *  DCOS(PT)  *  IL55 

CLl 5*  -PDAQ  *  PMA Q  *  DSIN(PT)  3  IL66 

F  Ml  * 3  P0Ea*(CL11  ♦CL12  ♦CL  1  3  *CL14  +CL  15  +  CL16> 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  FM2X( JL 1 1 *IL 22*1 L 33 *1 L 44 * IL5 5* IL6  6*PS * 
1  PT  *PCEQ  *P0EQ ) 

IMPLICIT  R  E  AL  *8 ( A -Z ) 

P2P332.C943951024DC 
PM2P3»-2.094395102400 
PLS  =  4. 473050-3 
PMS  =  1 . 75945  D-3 
PLM=0. 074330-3 
PMAF  =  S9  .3360-3 
PMAD*4. 223980-3 

PM43=1 .969040-3  _  „ 

PDA  A3  FP0LY1(-2.9  2  46D-5*-1  .0771  0-7*2.0  394  0-11  *0. DO* PCE Q* 3.0 3) 
PDAF3  FPOLY  1(-6. 9  2 02D-5*-8 .4719  D-8* 1 .6  3 '3D-1 1 *0. DC *PCE 8* 3. D3) 
PDAD*  FPOLYK-8. 012D-5*-6. 14430  -8*1  .29830-11*0. DO*PCEQ*3.D3)  - 
PDAO3  FPOLY 1( -2  .6  32  20-5  *-5  .5 5 1 1 0 -8 *  1 . 0  IS 20 -1  1  * 0 . 00 *PCE tt* 3. 0 3) 

C  L2 1 3  -  PD  A  A  ♦  ( -PMS  ♦  PLM  3  DC0S(2.DU3  PT  ♦  PM2P3)  )  *  IL  11 
CL223  -PDAA  ♦  (PLS  ♦  PLM  3  OCOS(2.D03  PT  ♦  P2P3>>  3  IL22 
C L233  - PO  A  A  3  ( -PMS  ♦  PLM  3  DCO  S  ( 2  .  DO3  PT  ))  3  IL33 
CL24*  -PD A  F  3  PM A F  3  DCO$(PT  ♦  PM2P3)  3  IL44 
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0.2.4.13  GENERATOR  MODEL  (Continued) 


CL25*  -PDAO  *  PMAD  *  DCOS(PT  ♦  PM2P3 )  *  IL55 
CL26»  -POAQ  *  PM  A  Q  *  DSIN(PT  +PM2P3)  *  IL66 
FM2X*PDE3*(CL21  +  CL22  +CL23  +CL24  +CL25  +  CL26 
RETURN 
END 

DOUBLE  PRECISION  FUNCTION  FM3X(IL11#IL22#IL33 
1  PT#PCEO#PDEa) 

IMPLICIT  RE  AL *8  ( A  -Z  ) 

P2P3  =  2.C943951C2400 

PM2P3*-2.0943951024D0 

PLS=4.47305D-3 

PMS  =  1 .759450-3 

PLM=0.07433D-3 

PMAF  =  89.006D-3 

PMAD  =  4.2209  8D-3 

PMAQ=1  .959040-3 

PDA  A*  F  POL  Y  1  (-2  .924  60-5  #-1  .0771  D-7#2.0394D  -1 1 
PD A F*  FP3LY1(-6.92020-5#-8.4719D-8# 1 .63 J3D-11 
PDAD=  FP0LYl(-8.0120-5#-6.14430-8#1  .29830-11# 
POAfla  FP3LYK-2. 63220-5  #-5i5511  D-8# 1 .0 1 82 D-1 1 
CL31*  -PD  A  A  *  C-PMS  ♦  PLM  *  DC3S(2.D0*  PT  ♦  P 

CL32  =  -PO  A  A  *  (-PMS  +  PLM  *  DC0SC2.D0*  PT  )) 

CL33*  —  PO  A  A  *  (PL  S  +  PLM  *  DC3S(2.D  0*  PT  *P  M2 
CL34*  -PD A  F  *  PM A  F  *  DCOS(PT  ♦  P2P3)  *  IL44 

CL35  =  -PDAO  *  PMAD  *  DC  OS  ( PT  ♦  P2P3)  *  IL55 

CL36*  -POAQ  *  PNAQ  *  OS  IN ( P T  *P 2P3)  *  IL66 
F  M3X  =  P0E3*<  CL  31  ♦  C  L32  +CL33  »CL  34  +CL35  +CL36 


#IL44#IL55#IL66#PS# 


CL32  =  -PO  A  A  *  (-PMS  +  PLM  *  DC0SC2.DQ*  PT  )) 
CL33*  —  PO  A  A  *  (PL  S  +  PLM  *  0C3S(2.D  0*  PT  *P  M2 

CL34*  -PD A  F  *  PM A  F  *  DCOS(PT  ♦  P2P3)  *  IL44 

CL35  =  -PDAO  *  PMAD  *  DC  OS  ( PT  ♦  P2P3)  *  IL55 

CL36*  -PDAQ  *  PNAQ  *  DSIN(PT  *P 2P3)  *  IL66 

F  M3X  =  PDES*<  CL 31  ♦  C L32  ♦  CL33  »CL  34  +CL35  +CL36 
RETURN 
END 

DOUBLE  PRECISION  FUNCTION  FM4X ( IL1 1 #IL 22#IL33 
1  PT#  PC E  Q  #PD EQ ) 

IMPLICIT  REALMS  (A-Z) 

P2P3=2.0943951024D0 
PM2P3*-2.0943951324D0 
P MA F  =  89  .3060-3 
PLFF=2 .13900 
PMR=. 09901 3830C 

PDF  F=  FP0LY1(-2.9  8670-5#-1 . 051  9D-7#  1 . 8  6990 -1 1 

PDA  F=  F POL Y 1 (-6.9 2020-5 #-8 .4719 D-8#1  .63:30-11 

PDFD=  FP3LYK-6.9355 D-5  #-6.6663  D-8  #  1 . 3  054D-1 1 

CL4 1 =  -PDA  F  *  PMAF  *  DCOS(PT)  *  IL1  1 

CL42  =  -POAF  *  PMAF  *  DCOSIPT  ♦  PM2P3 )  *  IL22 

CL43=  -POAF  *  PMAF  *  OCOS(PT  ♦  P2P3)  *  IL3 3 

CL44*  -PDF  F  *PLF  F  *  IL44 

CL45=  -PO  F 0 *PMR  *  IL55 

CL45=0 .  DO 

FM4X  =  PDEQ*  ( CL41  +CL42  +  CL43  +  CL44  ♦CL45) 

RETURN 

END 

DOUBLE  PRECISION  FUNCTION  FM5X ( ILl 1 #IL 22#IL33 
1  PT  #PCEQ  #POE  3 ) 

IMPLICIT  REAL*8(A-Z) 

P2P3=2.094395102400 
PM2P3*-2.094395102400 
PMAD=4.22098D-3 
PMR=. 0993138300 
? LD 0  =  5 .9890  -3 

POOO*  F POLY 1( -2 .1  5690-5  #-7  .95860-8#  1 .5  930-1 1# 

PDA  D*  F  POLY  1  (-8.01  2  D-5#  -6.  1  4430  -8#1.  29830-11# 

POF  0*  F POL Y1 (-6.93  5  50-5  # -6 .6663  0-8#  1 .3  0540-1  1 

CL5 1=  -PDAO  *  PMAD  *  OCOS(PT)  *  I  LI  1 

CL5  2=  -POAD  *  PMAD  *  OCOSCPT  ♦  PM2P3 )  *  IL22 

CL53*  -POAD  *  PMAD  *  DCOS<PT  ♦  P2 P3 )  *  IL3 3 

CL54=  -POFD*PMR  *  IL44 

CL55*  -POD  D  *PL  DD  *IL55 

CL56«0. Du 


#0.00#PCE 
#C.D0#PCE 
0.0  0#PCEQ 
#3. DO#PCE 
2P3 ))  *  I 
*  IL22 
P3> )  *  IL 


C#3.D3) 
0#  3.0  3) 
#3.03) 
0#  3. D3) 
L1 1 


FM4X(  IL11#IL22#IL33#IL44#IL5  5#IL6  6#PS# 


#'3.D0#PCE 
#0. DO#PCE 
#5. DG#PCE 


Q#  3.D  3) 
G#  3.  0  3) 
Q#3.D3) 


#IL44#IL5  5#IL66#PS  # 


0.00#PCEQ 
O.D  0# PCEQ 
#0. D3#PCE 


#3  .03) 
#3.03) 
Q#  3 .  D  3) 
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FM5X*PDEa*( CL51  ♦  CL  52  ♦ 

RETURN 

END 

DOUBLE  PRECISION  FUNCTI 
1  PT/ PCEQ  /PDEQ ) 
IMPLICIT  REAL*8(A-Z) 
P2P3=2.C943951024DC 
PM2P3*-2. 09 43951 024D0 
PMAQ=1 .969040-3 
PDAQ*  FP0LYK-2  .6322D-5 
CL6  1  =  -PDAQ  *  P.NAQ  *  OS 
CL62*  -PDAQ  *  PMAQ  *  DS 
CL63*  -PDAQ  *  PMAQ  *  DS 
CL64=0. DO 
CL65*0. 00 
CL66=G.D3 

FM6X  =  PDE3*  (  CL61  +  CL62  ♦ 

RETURN 

END 

DOUBLE  PRECISION  FUNCTI 
1  PT/PCAA/PCFF/PCD 

IMPLICIT  RE  AL*8 (A-Z ) 
P2P3=2.0943951024D0 
PM2P3*-2. 0943951024D0 
PLM=Q. 07433D-3 
PMA  F  =  89  .006  0-3 
PMAD=4. 22398D-3 
PMA3=1 .969040-3 
SL1=2.D0  *  PC  A  A  *  PLM  * 


♦  CL 52  ♦  CL5 3  +CL54  *CL55) 


ON  FM6X (  IL11/IL2?’IL33/IL44/IL55/IL66/PS/ 


/-5.5511D-8/1.0182D-11/0.D0/PCEC/3.D3) 
IN(PT)  *  IL11 
IN ( PT  +PM2P3)  *  IL2  2 
IN  (  PT  *P2P3)  *  IL33 


CL6  3 ) 


ON  FM1(IL11/IL22/IL33/IL44,IL55/IL66/PS/ 
D/PCAF/PCAD/PCAQ/PC  FD> 


PLM  * 

SL2  =  2.D0  *  PC  A  A  *  PLM  * 
SL3  =  2.D'j  *  PCA A  *  PLM  * 
SL4=PCAF  *  PM A  F  *  DSIN( 
SL5  =P  C  A  0  *  PM  A  D  *  OSINC 
SL6  =  -PCAQ  *  PMAQ  *  OCOS 
FM1=PS*  (SL 1  +  SL2  ♦  SL3  *■ 
RETUR.N 
END 

DOU3LE  PRECISION  FUNCTI 
1  PT/PCAA/PCF  F  /PCD 

IMPLICIT  RE  AL*8 ( A-Z ) 
P2P3*2.0943951Q2400 
PM2P3 *-2.09439510 2 4D0 
PLN*Q .07433  0-3 
PMAF*89  .0360-3 
PMA3=4. 223980-3 
PMA  Q*1 .969040-3 
SL1 =2 . DO  *  PC AA  *  PLM  * 


PT>  *IL1 1 
PT  ♦  PM2P3) 
PT  +  P2P3) 


*  IL2  2 
*IL3  3 


DSI N ( 2 .0  0  *  PT 
DSIN(2.0G*  PT 
OSIN (2 • DO*  PT 
PT)  *IL44 
PT)  *IL5  5 
(PT)  *IL  66 
SL4  +SL5  +SL6) 


ON  FN2(IL11/IL2  2/IL33/  IL44/IL55  /IL5  6/PS/ 
D/PCAF/PCAD/PCAQ/PC FD) 


PLM  * 

SL2  =  2.DQ  *  PC  A  A  *  PLM  * 
SL3  =2 . 0  C  *  PC  A  A  *  PLM  * 
SL4*PCAF  *  PM  A  F  *  D  SIN  ( 
SL5  =  PCAD  *  PM  AO  *  DSINC 
SL6*-PCAQ  *  PM AQ  *  OCOS 
FM2=PS*(SL1  *SL2  *SL3  ♦ 
RETURN 
END 

DOUBLE  PRECISION  FUNCTI 
1  PT/PCAA/PCFF/PCD 

IMPLICIT  RE  AL*8 ( A -Z ) 
P2P3*2.09439510240C 
PM2P3*-2. 09 43951 024DO 
PLM*0. 074330-3 
PMAF*89 .0060-3 
PMAD*4. 2239 80 -3 
PMA  3*1 .969040-3 
SL1*2.D0  *  PC  A  A  *  PLM  * 
S  L2  *2  .  D  0  *  PC  A  A  *  PLM  * 


DS  IN  (2  .  DC* 
OS IN<2. 00* 
OS  IN  <2. DO* 
PT  ♦  PM2P3) 
PT  ♦  PM2P3) 
(PT  +PM2P3) 


PT  ♦  PM2P3)  *IL1 1 

PT  *  P2P3)  *IL22 

PT)  *IL33 

*IL  44 

*IL  55 

*IL  66 


SL4  *SL5  +SL6) 


ON  FM3(IL11/IL22/IL33/IL4  4/IL55/IL66/PS/ 
D/PCAF/PCAD/PCAQ/PC  FD) 


OS  IN  (  2.  DO*  PT  ♦  P2P3)  *1  Li  1 
DS  IN ( 2. DO*  PT)  *IL22 
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SL3=2.D0  * 
S  L4  =  PC  A  F  * 

S  L5*PC  A  D  * 
SL6=-PC A3  : 


PC A A  *  PLM  * 
PM A  F  *  DSIN( 
PM  AO  *  D  SI  N  ( 
PM  A  0  *  OCOS 
+SL2  +SL3  ♦ 


*1 L33 


FM3«PS*(SL1  +SL2  +SL3  ♦ 

RETURN 

END 

DOUBLE  PRECISION  FUNCTI 
1  PT*  PCAA*  PCF  F*PCD 

IMPLICIT  RE  AL  *8 ( A -2 ) 
P2P3=2.0943951024D3 
PM2P3=-2.0943951G24D0 
PMAF  =39  .306  D-3 
SL1  =PC A  F  *  PMAF  *  DSIN< 
SL2  =  PCAF  *  PMAF  *  D  SIN( 
SL3  =  PCAF  *  PMAF  *  D  SIN  ( 
FM4=PS* (SL1  ♦  SL  2  +  SL3) 
RETURN 
END 

DOU3LE  PRECISION  FUNCTI 
1  PT*PCAA*PCFF*PCD 

IMPLICIT  R  E  AL*8  ( A-Z  ) 
P2P3=2.0943951024D0 
PM2P3=-2.0943951024D0 
PMAD=4.22098D-3 
SL1=PCAD  *  PM AD  *  D SIN ( 
SL2  =  PCAD  *  PMAD  *  DSIN  ( 
SL3=PCAD  *  PM AD  *  DSIN ( 
F  M5  =PS* (SL 1  +SL2  +  SL3) 
RETURN 
END 

DOUBLE  PRECISION  FUNCTI 
1  PT*PCAA*PCF  F  *PCD 

IMPLICIT  R  E  AL  *8  <  A  -Z  ) 
a2P3=2.Q943951024D0 
PM2p3»-2.094395102400 
PMAa=1.96904D-3 
SLl=-PCAa  *  PMAQ  *  DCOS 
SL2*-PCA3  *  PM  A3  *  DCOS 
SL3=-PCA3  *  PM  A  0  *  OCOS 
FM6  =  PS* (SL 1  ♦ SL  2  +SL3) 
RETURN 
END 


DSIN  (2.  DO*  PT  +PM2P3) 
PT  P2P3)  *  IL4  4 
PT  ♦  P2P3)  *IL5  5 
(PT  +P2P3)  *IL66 
SL4  +SL5  +  SL  6  ) 


ON  FM4(IL11*IL22*IL33*IL44*IL55*ILS6*PS* 
D*PCAF*PCAD*PCAQ*PC  FD) 


PT)  *1  Li  1 

PT  +  PM2P3)  *IL  22 

PT  +  P2P 3)  *IL33 


ON  FM5(1L11/IL2  2*IL33*IL4  4#IL55*1L66*PSs 
D*PCAF*PCAD*PCAB*PC  FD) 


PT)  *IL11 

PT  ♦  PM2P3)  *IL  22 

PT  ♦  P2P 3)  * IL3 3 


ON  FM6<ILl  1*IL^2*IL33*IL4  4*IL55*IL66*PS/< 
D*PC4F*PCAD*PCAB*PC  FD) 


(PT)  *  IL  1 1 

(PT  *PM2P3)  *IL  22 

(PT  *P2P3)  *IL33 


D.3.  TRANSFORMER  MODEL 

Previous  discussion  has  illustrated  the  use  of  SCEPTRE,  the  required  JCL 
cards,  and  other  general  Information  concerning  a  SCEPTRE  program.  For  this 
reason,  that  information  is  not  repeated.  The  user  should  refer  to  the  User's 
Guide  for  the  Generator  Model  for  specific  detailed  descriptions. 

A  schematic  representation  illustrating  node  connections  for  the  three 
phase  transformer  model  is  shown  in  Figure  (79).  A  description  of  each  term  of 
the  transformer  model  is  now  presented. 

EA  =  XI  (340.  *  COS  (2513  *  TIME)) 

The  voltage  source  EA  provides  excitation  for  the  transformer.  This 
source  is  connected  to  the  phase  "A"  primary  winding.  Since  the  value  of  EA  is 
a  sinusoid,  an  expression  Is  used.  The  connection  of  EA  indicates  that  the 
transformer  primary  Is  wye-conected.  By  changing  node  connections  of  EA,  EB, 
ana  EC  the  transformer  primary  may  be  converted  to  delta -connection.  The 
magnitude  of  this  line  -  ground  voltage  source  to  340  volts  and  Its  frequency 
is  400  HZ. 

R22  =  0.12 

R22  is  the  resistance  of  primary  phase  "A"  winding  L22. 

L22  =  FINOI  (P1X,  P2X,  P3X,  AO,  All,  A12,  A13,  A21,  A22,  A23,  A31,  A32, 

A33) 

L22  is  the  phase  "A"  primary  winding  Inductance.  In  general,  all 
transformer  Inductances  and  mutual  Inductances  are  functions  of  all  six 
transformer  currents.  Function  subprogram  FINDI  is  used  to  calculate  the 
saturated  value  of  each  Inductance  and  mutual  Inductance.  Each  entry  in  the 
calling  list  of  parameters  is  defined. 
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21  R44 


22  R66 


23  Rll 


25  R55 


EA  PHASE  "A"  Primary  Circuit 


EB  PHASE  "B"  Primary  Circuit 


EC  PHASE  "C"  Primary  Circuit 


RAL  PHASE  "A"  Secondary  Circuit 


RBL  PHASE  "B"  Secondary  Circuit 


RCL  PHASE  "C"  Secondary  Circuit 


FIGURE  79.  SCEPTRE  NODE  NUMBERING  FOR  THREE  PHASE  TRANSFORMER 


P1X  -  By  assuming  a  constant  prlmary-to-secondary  turns  ratio  the  model 
maty  be  simplified  greatly.  This  assumption  allows  each  Inductance 
to  be  a  function  of  three  currents.  P1X  Is  the  phase  "A" 
magnetizing  current.  Specific  details  of  P1X  will  be  offered  later. 
P2X  -  phase  "8"  magnetizing  current 
P3X  -  phase  "C"  magnetizing  current 
AO  -  unsaturated  value  of  inductance 

All,  A12 . A33  -  regression  coefficients. 

Experimental  measurements  of  each  Inductance  and  mutual  inductance 
as  a  function  of  three  magnetizing  currents  are  conducted.  By 
application  of  linear  regression  analysis,  the  "best  fit"  Is 
determined  using  a  polynomial  model. 

L  =  AO  +  All  *  P1X  +  A12  *  P1X  **  2  +  A13  *  P1X  **  3 

+  A21  *  P2X  +  A22  *  P2X  **  2  +  A23  *  P2X  **  3 

+  A31  *  P3X  +  A32  *  P3X  **  2  +  A33  *  P3X  **  3 


From  this  model,  each  of  the  regression  coefficients  are  determined. 
The  remaining  circuit  elements  are  similar  to  these  previously  defined. 

E8  -  phase  "8"  transformer  excitation  voltage 
R44  -  phase  "B"  primary  winding  resistance 
L44  -  phase  "B"  primary  winding  inductance 
EC  -  phase  "C"  transformer  excitation  voltage 
R66  -  phase  "C"  primary  winding  resistance 
166  -  phase  "C"  primary  winding  inductance 
RAL  -  phase  "A"  secondary  load  resistance 
Rll  -  phase  "A"  secondary  winding  resistance 
Lll  -  phase  "A"  secondary  winding  Inductance 
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RBL  -  phase  "B"  secondary  load  resistance 
R33  -  phase  "B"  secondary  winding  resistance 
L33  -  phase  "B"  secondary  winding  Inductance 
RCL  -  phase  "C"  secondary  load  resistance 
R55  -  phase  "C"  secondary  winding  resistance 
L55  -  phase  "C"  secondary  winding  Inductance 

M12  Mutual  Inductance  terms  which  link  each  of  the  six  winding 
M13  Inductances.  Representation  of  a  three  phase  transformer  model 

M14  requires  the  Inclusion  of  each  of  these  mutual  inductance  terms. 

M15  In  representation  of  a  bank  of  three  single  phase  transf ormers , 
M16  only  those  mutual  Inductances  which  link  phase  primary  to  phase 
M23  secondary  are  Included.  These  are  M12,  M34,  M56. 

M24 

M25 

M26 

M34 

M35 

M36 

M45 

M46 

M56 

PN1  -  the  number  of  primary  winding  turns 
PN2  -  the  number  of  secondary  winding  turns 

P1X  -  phase  "A"  magnetizing  current  referenced  to  secondary  current 

P2X  -  phase  "B"  magnetizing  current  referenced  to  secondary  current 

P3X  -  phase  "C"  magnetizing  current  referenced  to  secondary  current 


Each  magnetizing  current  Is  defined  to  be  secondary  current  plus  turns 
ratio  times  primary  current. 

D.3.1  Integration  of  the  Transformer  MQdel 

The  transformer  model  nw*y  be  coupled  to  models  of  other  equipment  by 
altering  certain  elements. 

D.3.2  Generator-Transformer  Model 

The  three  generator  load  resistors  (RAL,  RBL,  RCL)  must  be  removed.  The 
three  transformer  primary  voltage  sources  (EA,  EB,  EC)  must  be  removed.  The 
two  models  are  then  connected  to  each  other.  Care  must  be  taken  to  insure  that 
duplicate  element  names  and  node  connections  are  not  used. 

D.3.3  Transformer  -  Load  Model 

The  three  transformer  load  resistors  (RAL,  RBL,  RCL)  must  be  removed.  The 
transformer  secondary  connections  are  mated  to  the  Input  connections  of  the 
load  model. 
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D.3.4  TRANSFORMER  MODEL 

CIRCUIT  D  ES  CR  I  3T  I  ON 
ELEMENTS 

6A/3-13  =  X1(34D.*OCOS(2513.*TIME)) 

<22/10-23=0. 12 

l22/20-0=FINDI(P1  X/P2X/P3X/2.448  0D-3  /  0/0/ 0/0/ '.>0/0/  0/0) 

€3/0-11=  X2(343.*Dt0S(2513.*TIME-2.3943951)) 

€44/11-21 =0.12 

L44/21-0=FINDI(P1 X/P2X/P3X/2. 534  CD-3/ C/0/ C/0 /T/O/O/ 0/0) 

EC/Q-1 2=  X3(343.*0C0S(2513.*TIME  +2.0943951)) 

<66/12-22=0 .12 

L66/22-0=FINDI<P1  X/P2X/P3X/2.389  0D-3/0/0/0/0/C/C/0/0/0) 

PAL/0-1  3*396 .21 
<11/1 3-23  =  1  5.46 

Li  1 / 23-0=FIN  D I  CPI X/P2X/P3X/291.8P-3/0/0/0/0/ C/O/Q/O/O) 

*3L/ 0-14=396. 21 
<33/14-24=15.46 

L33/24-0=FINDI(P1 X/P2 X/ P3 X/29 6 .1 031 0- 3/0/ 0 /O /C/0 /O/ 0/0/0 ) 

BCL/  G-1  5=396. 21 
*55/15-25=15.46 

L5  5/25-0=  FI. NDKP1X/P2X/P3X/ 29  0.53D-3  /  0/0/ 0/0/ 3/0/0/ 0/0  ) 

*12/L11-L22  =  FINDI  (P1X/P2X  /P3X/26.42D-3/0/0/C/3/C/0/0/0/0) 
*13/L11-L33=FINDI  (P1X/P2X/P3X  /-I  84.50  -3/0/0/0/0/0/0/0/0/01 
M14/L11-L44  =  FINDI  (P1X/P2X/P3X/-1  6.76D  -3/C/C/C/C/C/O/O/O/O) 

«15/L11-L55  =  FINDI<P1X/P2X/P3X  /-I  61 . 6D  -3/0/0/  £/C/  C/Q /n/ 0/ C> 
«16/L11-L66=FINDI  <P1X/P2X/P3x  /-I  4.69D-3/C/0/  C/0/ 0/0/0/ 0/0) 
M23/L22-L33=FINDI  (P1X/P2X/P3X  /-I  6.770  -3/C/C/  C/C/  C/C/G/-C/C) 

*"24/L22-L44  =  F  IX  D I  (P1X/P2X  /P3*  /-I  .5230  -3 /C/C  / C/C  /  0/0/0# 0/0) 

/*25/L22-L55  =  F  INDI  (Pi  X,  P2 x /P3X  ,-1  4.  690 -3/0/0/  C/O/  5/0/ 0/0/0). 
*26/L22-L66=FIMDl  (Pi  X/P  2  X  z°3X  /-I  .3  360-3/0/0/0/0/0/0/0/0/0) 

/M34/L33-L4  4  =  FINDI  (P1X/P2X/P3X  /26  .9  20-3/0/ 0/0/ r/0/3/ 0/0/0) 

A»35/L33-L55  =  F  I'iOI  (P1X/F  2X/P3X  /  -I  82 .10  -3/C  /O/O/O/O/O  /O/O/O) 
*36/L33-L66=FINDI (Pi X / P 2x /P3x  #-1 6.560 -3/0/0/ 0/0/ 0/0 /O/ 0/0) 

/145/L44-L55  =  FINDI  (Pi  X  /  P2  X  #P3x  #-1  6.  620 -3 /  0/ 0/  0/0/  0/0/0/  0/  0) 
W46/L44-L66*FINDI (Pi  X/ P 2 x /P3x /-I .5060-3/0/0/ 3/0/ 0/0/ 0/0/ C) 

M56/L55-L66  =  F INOI (PI  X/ P2 X /P3x /26  . 26D-3/ 0/ C /O / C/0/0/ C/0/0) 

OEFINED  PARAMETERS 

PN 1  =  76 

PN2=836 

P1X=X1( IU11+IL22*PN1 /PN2) 

P2X  =  X2(IL33  +  IL44*PN1 /PN2)  f 

P3X  =  X3( IL55  +  IL66  +  PN1 /PN2) 

CPLAM=X4(VL11 ) 

PLAN  =— 1 1  .  Ci  5  SO  —  3 

^UNCTIONS 

OUTPUTS 

JL22/VL22/IL1 1/VL11/P1X/P2X/P3X/PL0T 

INITIAL  CONDITIONS 

IL1 1 =-9 .4300 

IL2  2  =1 03 . 760  0 

IL33  =  4. 71 64  DC 

IL44=-51 .3800 

1L55=4. 716400 

IL66=-5 1.5800 

RUN  CONTROLS 

INTEGRATION  R OUT  I NE  =  I MPL I  Cl T 

/MINIMUM  A3S0L  UTE  ERR0R=1.D-4 
5T0P  TIME* 0. 3100 

END  _ 

OOU6LE  PRECISION  FUNCTION  F  INO  I  (  1 1/ 1 2/1  3/ AO/  All  /  A 1  2  /  A1  3/ A  2  V  A2  ?, 
SA23/A31/ A32 /A33) 

IMPLICIT  REAL*8(A-Z) 

112  =11  *+2 
113  »  112  *  II 
122  =  12**2 
123  =  12  2*12 

132  =  13**2 

133  =  133*1  3 

FIND!  =  AC  +  All *11  ♦  A  12*1  12  +  A13*I13 
FINOI  =  F2N0I  ♦  A21*I2  ♦  A22*I22  +  A23*It3 
FINOI  =  FINOI  ♦  A31*13  ♦  A3 2*1 32  +  A33*133 
PE  TURN 
END 
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0.4  THE  RESONANT  CHARGING  PROGRAMS 

The  resonant  charging  part  of  the  user's  manual  is  in  three  parts.  First, 
an  SCR  model  is  created  in  SCEPTRE  with  parameters  for  the  G£  C6G2LM  used  in 
later  circuit  models.  Second,  the  AC  charging  circuit  and  program  are  given 
and  last  the  DC  charging  circuit  and  program  are  given. 

Tables  are  included  to  Identify  the  particular  numerical  values  in  the 
example  problems  of  the  programs  Included. 

0.4. 1  The  SCR  Model 

A  permanent  SCR  model  is  entered  into  SCEPTRE.  The  numerical  values  are 
for  the  particular  SCR  used  in  subsequent  simulations. 

Figure  80  gives  the  SCR  circuit  In  SCEPTRE  format  with  nodes  and  element 
name  correspondl ng  to  those  used  In  the  SCR  model  program  of  Figure  81. 

Tables  12,  13  and  14  give  the  numerical  values  used  in  the  model  and 
relate  these  to  the  circuit  elements  of  Figure  80  and  the  program  of  Figure 
81. 

The  model  requires  two  FORTRAN  subroutine.  One  of  these,  FIS,  is  used  to 
simulate  junction  breakdown  the  other,  FCJ,  Is  used  to  compute  a  non-linear 
breakdown  capacitance.  These  are  given  in  Figures  83  and  82. 

The  subroutines  are  In  FORTRAN  and  are  function  subprograms. 

The  model  is  named  SCR  by  the  statement 
MODEL  SCR  (A-G-K) 

and  the  A-G-K  are  dummy  variables  of  the  three  terminal  device  or  element. 

When  listing  elements  the  nodes  to  which  these  terminals  are  connected  in  a 
circuit  are  specified. 

The  resistors  are  listed  first  under  elements  In  standard  SCEPTRE  format 
described  at  the  beginning  of  this  appendix. 
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ANOOE 


THE  SCEPTRE  REDUCED  3-JUNCTION  SCR  MODEL  WITH  A  REDUCED  NUMBER  OF  CURRENT 
SOURCES  IN  THE  MODEL.  ( — )  model.  (— )  optional  snubber. 


MODEL  DESCRIPTION 
MODEL  SCR(A-G-K) 

THIS  ISA  REDUCED  ELEMENT  VERSION  OF  THE  3-JUNCTION  SCR  MODEL  DEVELOPED 
FOR  USE  WITH  SCEPTRE.  THE  PARAMETER  DETERMINATION  PROCEEDURE  FOR  THIS  MOOEL 
IS  THE  SAME  AS  FOR  THE  3-JUNCTION  MOOEL. 

UNITS:  OHMS,  FARAOS,  HENRIES,  SECONDS,  AMPS,  VOLTS 

ELEMENTS 

R,A-1»5.D-3 

RA,  1-01.D6 

RC,C-G*1 .06 

RK,G-K=9. 375 

JA,  1-00 1 OOE  0(2.4880-17,38.61) 

JC.C-OOIOOE  Q(PX1,PX2) 

JK.G-K-OIOOE  Q(PX3,PX2) 

J2,C-G»X1( .9#JA+.9*JK) 

CA,  1-OFCJ ( 1 . 780-5,2.4880-17,  38 . 61 ,  JA,  VCA, 4.  D-9, 1 .  D-10 ) 

CC, G-C»FCJ ( 4. 950-6, 5. 650-15, 38. 61, JC,VCC, 4. 0-9,1.0-10) 

CK,G-K*1 .0-9 
RS, A-2*100. 

CS,2-K». 10-6 

DEFINED  PARAMETERS 

PX1*FI S( 5. 650-15, VCC,2. 7D3 ) 

PX2*38.61 

PX3*FIS(2. 4880-17, VCK, 5. ) 

OUTPUTS 

VCA, VCC, VCK, PLOT 


FIGURE  81.  SCEPTRE  MODEL  DESCRIPTION 
INPUT  FOR  A  GE  C602  LM 


DOUBLE  PRECISION  FUNCTION  F I S( I S, VJ , VBD) 

C  SUBROUTINE  FIS  IS  USSO  TO  SIMULATE  JUNCTION  BREAKDOWN  BY  VARYING  THE 
C  SATURATION  CURRENT,  IS,  INPUT  TO  THE  DIODE  EQUATION  FOR  PRIMARY  OEPEN- 
C  OENT  CURRENT  SOURCES.  IS  »  JUNCTION  REVERSE  SATURATION  CURRENT:  VJ  = 

C  CAPACITOR  STATE  VARIA8LE  VOLTAGE  FOR  JUNCTION:  VBO  *  BREAKDOWN  VOLTAGE: 
IMPLICIT  REAL*8(A-K,0-Z) 

FIS-IS 

I F( VJ . GE. -VBO)  RETURN 
A=100. *( -VBD-VJ ) 

I F( A. LE. 40 . )  GO  TO  10 
A*40. 

10  FIS=IS*DEXP(A)  - - 

RETURN 

END 


FIGURE  82.  SUBROUTINE  FIS  USED  TO 
CALCULATE  PXI  &  PX2  OF 
TABLE  9. 
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•  double  PRECISION  FUNCTION  FCJ(TAU, I S, THT, J, VC, CJO, CMI N ) 

uVTH°Ti!iFNru^cCtTrtOArIELlMo  N0M-4NEAR'  INCREMENTAL  CAPACITANCE  ASSOCIATED 
CHARGE  STORAGE  OCCURRING  ABOUT  A  PN  JUNCTION.  IF  THE  JUNCTION  IS 

rAfrufATrnASrSMxT/coc2f'vLfI,$ucLAYER-rTE:RM  1S  HELD  CONSTANT  WHILE  THE  DIFFUSION 

conversely  if  the  junction  is  reverse  biased  only  a  depletion 

TERM  IS  CALCULATED.  FOR  A  REVERSED  BIASED  JUNCTION  THE  CAPACITANCE  IS  LIMITED 
VALUE*  CM  I  Ml  TO  AVOID  UNREASONABLY  SMALL  TIME  CONSTANTS  IN  THE 
T  SIMULATION.  PARAMETERS  ARE;  TAU  *  THE  EXCESS  CARRIER  LIFETIME  IN  THE 

JU?£Ti0Ni  iS  *  JUNCTION  SATURATION  CURRENT,  THT  = 

5.  N  £  CONSTANT  (Q/KT  =  38.61  8  300  DEG  K.),  J  a  CURRENT  SOURCE  SIMULATING 

THE  PN  JUNCTION  FOR  WHICH  CAPACITANCE  IS  BEING  CALCULATED,  VC  -  VOLTAGE  ACROSS 

Srofr-!-TSR  WH0SE  VALUE  IS  BEING  CALCULATED,  CJQ  =  ZERO  BIAS  VALUE  OF  THE 

ocPaF7«!«0ic.aLAYER  capacitance,  cmin  *  minimum  value  of  junction  capacitance  to 

dE  ALLOWED. 

IMPLICIT  REAL»8{A-Z) 

I F(VC.CT.O. )  GO  TO  10 
FCJ=CJO/ ( 1 . -VC ) *# . 5 
IF(FCJ.GE.CMIN)  RETURN 
FCJ=CMIN 
RETURN 

10  FCJ=TAU*THT*( J+ISJ+CJO 
RETURN 
„END 


FIGURE  83.  SPECIAL  SUBROUTINE  FCJ  USED 
TO  CALCULATE  NON-LINEAR 
JUNCTION  CAPACITANCES  OF  THE 
SCEPTRE  3-OUNCTION  SCR  MODEL. 
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TABLE  12.  SCEPTRE  3-Junction  SCR  Model 
The  Procedure  of  Table  6  For 

Parameters  Obtained  Using 
a  GE  C602  LM  SCR. 

RK  =  9.375 n 

Ics  =  5.65D-15  A 

On  *  0.5 

R2 

P3  =  4.4D-3 

ax  =  0.9 
*2 

R  =  5.D-4  ft 

ax  “0.9 

T1 

t0  =  4.95D-6  S 
K1 

aD  =  0.9 

R1 

cjc0  58  4-D-9  F 

tx  *  1.780-5  S 

T1 

CJA()  -  4.D-9  F 

e  =  38.61  V'1 

CK  =  l.D-9  F 

I$  =  2.239D-17  A 

VB0C  -  2*7D3 

1^  =  2.488D-17  A 

VB0K  =  5* 

1^  =  2.488D-17  A 

CMIN  “  1*D'10 

TABLE  13.  Manufacturer's  Specifications  For  a  6E  C602  LM  SCR  And 
SCEPTRE  Computer  Simulation  Specification  Predictions. 

Quantity 

Manufacturer's 

specifications 

SCEPTRE 

simulation  value 

■h 

:GT 

80  ma 

87  ma 

S^*on^ 

3.6  ys  (5.4  ys) 

4  ys  (7  ys  ) 

VT 

1  .IV 

1  .IV 

VB0 

2700V 

2700 V 

dv/dt 

G.T.500V/ys 

G.T.500V/yS 

L.T.125  ys 

L.T.125  ys 

TABLE  14.  SCEPTRE  SCR  Model  Circuit  Element  Description  For  The 
3-Junction  rlouel  of  Figure  24. 


RESISTORS 

R,A-1  -  R 

RA.l-C  -  1.D6 
RC.C-6  -  1.D6 
RK.G-K  -  RK 

PRIMARY  DEPENDENT  SOURCES  (PN  JUNCTIONS) 

JA  ,1-C  *  DIODE  Q(IAS,e) 

JC  , G-C  *  DIODE  Q(PX1 ,PX2) 

JK  , G-K  -  DIODE  Q(PX3,PX2) 

SECONDARY  DEPENDENT  SOURCES  (COLLECTED  CURRENTS  &  REVERSE 

BREAKDOWN  CURRENTS) 

J2  -  Xl(of  *JA  +  af^*JK) 

CAPACITANCES  (JUNCTION  DEPLETION  LAYER  AND  NEUTRAL  REGION 
EXCESS  CHARGE  STORAGE  [DIFFUSION]) 

CA, I-C  -  FCJ(rf  ,  IAS,  0,  JA,  VGA,  CJAQ,  CMIN) 

CC, G-C  -  FCJ (fR1 ,  Ics,  0,  JC,  VCC,  CJC0,  CMIN) 

CK, G-K  -  CK 

DEFINED  PARAMETERS  (REVERSE  BREAKDOWN  MULTIPLIERS) 

PX1  -  FIS(ICS,  VCC,  VBOC) 

PX2  -  9 

PX3  =  FIS (IKS ,  VCK,  VBOK) 

SNUBBER  ELEMENTS  (OPTIONAL) 

RS  , A- 2  -  VALUE  IN  OHMS 
CS  ,2-K  -  VALUE  IN  FARADS 

ALSO  IF  USING  DIODE  SNUBBER: 


JD  , A-2  »  DIODE  Q (DIODE  SAT.  CURRENT,  THERMAL  VOLTAGE) 
CD  , A-2  -  VALUE  IN  FARADS 


The  J  current  sources  are  defined  by  terminals  to  which  they  are  connected 
and  by  the  SCEPTRE  Internal  diode  model  or  oy  an  equation.  For  example 
JA,  1  -  C  =  DIODE  Q{X1,X2) 

J2,  C  -  G  =X1(.9  *  KA  +  .9  *  JK) 

The  JA  is  defined  by  the  SCEPTRE  diode  model  when  XI  and  X2  are  supplied. 

XI  is  the  diode  saturation  current  1^$  of  Table  12  and  X2  is  theVDof 
the  diode  equation 

iD  *  is  l'evo-D 

The  J2  is  defined  by  the  expression  in  the  parentheses. 

The  capacitors  CA  and  CC  are  defined  by  the  FORTRAN  function  subprogram 
FCJ.  The  CA  for  example  is  a  capacitor  connected  between  nodes  1  and  C 
defined  by 

CA,  1  -  C  =  FCJ  (1.78D-5,  2.488D-17,  38.61,  JA,  VCA,  4.D-9,  l.U-10) 

The  required  numbers  can  be  identified  from  Table  12. 

Under  the  defined  parameter  header  the  FORTRAN  function  subprogram 
calculates  PX1.  This  and  PX2  =  38.61  are  used  in  the  diode  equation  for 
defining  JC.  JK  is  similarly  computed. 

D.4.2  The  AC  Resonant  Charging  Circuit 

Figure  85  gives  the  program  for  a  simulation  of  an  AC  resonant  charging 
circuit.  The  node  coding  and  the  element  name  designations  are  shown  on  the 
circuit  diagram  of  Figure  84.  Table  15  gives  the  element  values  not  already 
given  in  the  SCR  model. 

In  the  program  the  voltage  sources  EAN,  EBN,  and  ECN,  t.h<»  resistors  RA, 

RB,  RC,  R1A,  R2A,  RIB,  R2B,  R1C,  and  R2C,  the  inductors  LA,  LB,  and  LC,  and  the 
capacitors  CIA,  C2A,  C1B,  C2B,  C1C,  and  C2C  are  read  in  the  manner  previously 
described  in  Section  D.2.4.1  for  entering  circuit  elements. 


CIRCUIT  DESCRIPTION 
ELEMENTS 

EAN , 0- 1*X1 ( 1 . D3*0S I N ( 6285 . 1 8#T I ME ) ) 

RA,  1-4=1 . 

LA,  4-7=5. 897E-2 

EBN,0-2*X2( 1 .D3*0SIN(6285.18*TIME-2.094) ) 

RB,  2-5=1. 

LB,  5-8=5. 897E-2 

ECN , 0- 3*X3 ( 1 . D3#DS I N ( 6285 . 1 8*T I  ME+2 . 094 ) ) 

RC,  3-6=1. 

LC,  6-9=5. 897E-2 

SI  A, 7-10-1 1=MODEL  SCR 
S2A, 14-1 3-7=MOOEL  SCR 

CIA, 11-0=. 430-6 
C2A,0-14=. 430-6 

RIA,  12-0=11. 

R2A, 15-0=11 . 

JG1A, 1 1-10=FGEN( . 2,0. , 0. , 1 . 0-4, 1 . 0-3, TIME, 0) 

JG2A, 7-1 3=FGEN( .2,0. ,5.D-4, 1 . 0-4, 1 . D-3, T I ME,0 ) 

RSW1 A, 1 1 - 1 2=  FGEN( 1 . 07 , 0 . , -2 . 250-4, 9 . 75D-4, 1 . D-3, T I  ME, 1 ) 
RSW2A, 14-15=  FCEN( 1 . 07, 0 . , -7 . 25D-4, 9 . 750-4, 1 . 0-3, T I  ME,  1 
SIB, 8-16-1 7=M00EL  SCR 
S2B, 20- 1 9-8=MOOEL  SCR 

CIB,  17-0=. 430-6 
C2B, 0-20=. 430-6  • 

RIB,  18-0=11. 

R28, 21-0*11 . 

’ JG1B, 17-16=FGEN( .2,0. ,3.330-4, 1 .0-4, 1 .0-3, TIME, 0) 
JG2B,8-19=FGEN( . 2, 0. , -1 .670-4, 1 . 0-4, 1 . 0-3, T I  ME,  0 ) 

"S”  2*  < 1 • 07, 0 . , -8 . 920-4, 9 . 750-4, 1 . 0-3,  T I  ME,  1 ) 

S2C, 26-25-9*MODEL  SCR 

CIC, 23-0*.43D-6 
C2C, 0-26=. 430-6 

RIC,  24-0=11. 

R2C, 27-0=1 1 

JGIC,23-22aFGEN( .2,0. ,6.670-4, 1 .D-4, 1 . D-3,TIME,0) 

JG2C, 9-25=  FGEN( . 2 , 0 . , 1 . 670-4, 1 . 0-4, 1 . 0-3 , T I  ME,  0 ) 

C,  1  •  07, 0 . ,  -5 . 580-4 , 9 . 750-4, 1 . 0-3 ,  T I  ME,  1 ) 

OUTPUT!6"27*  FGEN< 1  *  07 ' 0  * « " •  580-4, 9 . 750-4, 1 . D-3, T I  ME, 1 ) 

EAN,VC1A,VC2A, I  LA, PL0T1 
EBN,VC1B,VC2B, ILB.PL0T2 
ECN,VC1C, VC2C, ILC, PL0T3 
RUN  CONTROLS 

INTEGRATION  ROUTINE  *  IMPLICIT 

PLOT  INTERVAL  *  1 . E-5 

MAXIMUM  PRINT  POINTS-O 

STOP  TIME*! . E-3 

MINIMUM  STEP  SIZE  =  1.E-30 

ENO 


FIGURE  85.  SCEPTRE  INPUT  CIRCUIT  DESCRIPTION  FOR  THE 
CIRCUIT  OF  FIGURE  84. 
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DOUBLE  PRECISION  FUNCTION  FGEN( H tGH, LOW, TO, TON, TP, T IME, MNEG ) 

C  FGEN  IS  A  PULSE  GENERATOR  SUBROUTINE.  THE  PARAMETERS  ARE  AS  FOLLOWS; 

C  HIGH  =  MAXIMUM  VALUE  OF  FUNCTION  ,  LOW  «  MINIMUM  VALUE  OF  FUNC- 
C  TD  -  TIME  DELAY  UNTIL  START  OF  FIRST  PULSE,  TON  *  TIME  OF  PULSE  DURA- 
C  TION  ,  TP  =  TIME  OF  PULSE  CYCLE  PERIOD,  TIME  «  TIME  POINT  OF  CIR- 
C  CUIT  BEING  SIMULATED.  PULSE  VALUE  IS  SET  TO  LOW  FOR  TIME  LESS  THAN 
C  OR  EQUAL  TO  ZERO  IF  MNEG  IS  NOT  EQUAL  TO  1.  MNEG  *  1  IF  PULSE  MAY  HAVE 
C  NON-ZERO  VALUE  AT  OR  PRIOR  TO  TIME  EQUAL  ZERO. 

IMPLICIT  REAL#8(A-L,N-Z) 

FCEN=LOW 

IF(TIME.LE.O. .AND. MNEG. NE.1 )  CO  TO  20 
N=(TIME-TD)/TP 
IF(N.LT.O.O)  GO-  TO  2C T 
M=  I  0 1  NT(  N ) 

P=(N-M)*TP 

I F( P.GT.TON)  GO  TO  10 
FGEN=HIGH 
GO  TO  20 
10  FGEN=LOW 
20  RETURN 
'•  END 


FIGURE  86.  SUBROUTINE  FGEN  IS  A  PULSE  GENERATOR  SUBROUTINE 
USED  IN  CIRCUIT  SIMULATIONS  TO  SIMULATE  GATE 
DRIVES  AND  CAPACITOR  DISCHARGE  SWITCHES. 
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TABLE  15.  DC  Resonant  Charging  Scaling 


Quality 

Silva's  Diode  Circuits 
(unsealed) 

SCR  Facsimile  Circuits 
(scaled) 

3-Phase  AC  System  (section  6.2) 

Source 

Voltage 

6465.85V  per  phase 

1000V  per  phase 

Source 

Frequency 

400  hertz 

1000  hertz. 

Resonant  load 
inductance 

0.327  henries 

0.05897  henries 

Resonant  load 
capacitance 

0.43  micro-farads 

0.43  micro-farads 

DC  Resonant  Load  on  3-phase  Source  (section  7.1) 

Source 
vol tage 

6465.85V  per  phase 

1000V 

Source 

frequency 

400  hertz. 

1000  hertz. 

Resonant  load 
i nductance 

2.58  henries 

0.173  henries 

Resonant  load 
capacitance 

2.58  micro-farads 

0.586  micro-farads 
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The  current  sources  for  triggering  the  SCR's  JG1A,  JG2A,  JG1B,  JG2B,  JG1C, 
and  JG2C  are  defined  by  a  FORTRAN  function  suoprogram  given  in  Figure  86,  FGEN. 
The  SCR's  S1A,  S2A,  SIB,  S2B,  SIC,  and  S2C  are  defined  by  the  SCR  model 
described  in  Section  D.4.1.  For  example  the  statement 
S1A,  7-10-11  =  MODEL  SCR 

indicates  to  the  program  that  a  device  described  by  a  model  called  SCR  is 
connected  to  nodes  7-10-11.  The  order  of  the  nodes  listed  must  properly 
correspond  to  the  nodes  of  the  model  of  Section  D.4.1. 

The  switches  RSW1A,  RSW2A,  RSW1B,  RSW2B,  RSW1C  and  RSW2C  are  defined  by 
the  FORTRAN  function  subprogram  given  In  Figure  86,  FGEN. 

The  outputs  are  optional  and  are  determined  as  defined  in  Section  D.4.2.9. 
Similarly,  the  run  control  options  are  defined  in  Section  0.4.2.11. 
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D.4.3  The  DC  Resonant  Charging  Circuit 

Figure  88  gives  the  programs  for  a  simulation  of  a  DC  resonant  charging 
circuit.  The  node  coding  and  the  element  name  designations  are  shown  on  the 
circuit  diagram  of  Flgjre  87.  Table  15  give:  the  element  values  not  already 
given  in  the  SCR  model. 

The  only  element  entries  different  in  form  from  those  already  described  in 
Section  D.4.2  are  the  switches  or  relays  defined  by  entering  a  model  element 
for  each  switch  K2  and  SW1. 

The  switch  K2  for  example  is  defined  by  the  model  statements 
MODEL  RLY (1-2) 

ELEMENTS 

R,  1-2  =  TABLE  1 
FUNCTIONS 
TABLE  1 

0..1.E8,  2.SE-5,  1.E8,  2.5E-5,  0.,  2.E-3,  0. 

These  statements  model  a  resistor  which  takes  on  values  varying  with  time 
as  defined  by  Table  1. 

The  use  of  function  tables  is  described  in  Section  D.4.2. 3. 

In  the  program  the  statement 
K2,  11-12  =  MODEL  RLY  1 

tells  the  program  the  device  designated  as  K2  is  connected  between  nodes  11  and 
12  and  is  defined  by  previously  entered  model  RLY  1. 

All  other  elements  are  similar  to  the  ones  described  in  Section  D.4.2  out 
for  the  circuit  arrangement  of  Figure  87. 
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MOOEL  DESCRIPTION 
MOOEL  RLY1(1-2) 

THIS  MODEL  REPRESENTS  RELAY  K2  IN  JAMIE  SILVA'S  CIRCUIT 

ELEMENTS 

R, 1-2= TABLE  1 

FUNCTIONS 

TABLE  1 

0.,1.E8,2.5E-5,1.E8,2.5E-5,0.,2.E-3,0. 

MOOEL  DESCRIPTION 
MOOEL  RLY2(1-2) 

THIS  MOOEL  REPRESENTS  SWITCH  SW1  IN  JAMIE  SILVA'S  CIRCUIT 

ELEMENTS 

R, 1-2= TABLE  1 

FUNCTIONS 

TABLE  1 

0.,0.,2.0E-5,0.,2.5E-5,1.E8,1.E-3,1.E8, 1 .  E-3,0. , 1 .02E-3.0. , 1 .02E-3, 
1.Ea,2.E-3,1.E8 

CIRCUIT  DESCRIPTION 

THIS  CIRCUIT  SIMULATES  A  1000V/1KHZ  RESONANT  CHARGING  PULSE  POWER 
SYSTEM. 

ELEMENTS 

EAN, 1 -A=X1 ( 1 . D3*DS I N( 6285 . 1 8#T I ME-5 . 236D- 1 ) ) 

REA, A- 2=1. 

EBN, 1 -B=X2( 1 . D3#DS I N( 6285 . 1 8*T I ME-2 .618)) 

RCB  8-3=1 

ECn! 1 -C=X3 ( 1 . 03*DS I N( 6285 . 1 8#T I ME-M . 5708 ) ) 

REC,C-4*1. 

SI, 2-5-11 =MOO£L  SCR 
S2,0- 10-4= MOOEL  SCR 


53. 3- 6-11 -MODEL  SCR 
S4, 0-8-2*MO0EL  SCR 

55. 4- 7-1 1-MODEL  SCR 
S6,0-9-3=MO0EL  SCR 

JG1 , 1 1 -5- FGEN( . 2, 0 . , 1 . 67E-4, 3 . 33  E-4, 1 . E-3 , T I ME, 1 ) 
JG2,4-10-FGEN( . 2, 0. , 3 . 33E-4, 3 . 33E-4, 1 . E-3,TIME, 1 ) 
JG3, 11-6=FGEN( .2,0. , 5 .OOE-4, 3. 33E-4, 1 . E-3, TIME, 1 ) 
JG4,2-8=FGEN{ . 2, 0. ,6 . 67E-4, 3. 33E-4, 1 . E-3, T I  ME, 1 ) 
JG5, 1 1-7=FGEN( . 2,0. , -1 . 67E-4,  3 . 33E-4, 1 . E-3, T IME, 1 ) 
JG6, 3-9=FG£N( .2,0. , 0. , 3. 33E-4, 1 . E-3, TIME, 1 ) 

CF,  11-0-7.5E-9.. 

K2, 1 1-12-M00EL  RLY1  / 

.  J01,12-13»0I00E  Q( 1 .0-8,38.61 ) 

I  C01, 12-13=5. 0-9 

RD1, 12-13=1. 04 
L,  13-14*. 173 
R, 14-15=1. E-2 
SW1 , 1 5-O-MOOEL  RLY2 
CO, 15-16-.586E-6 
RL, 16-0=1. 82 
OUTPUTS 

EAN, VCF, I RL, VCO, PL0T1 

IREA, IREB, IREC, PL0T2 

RUN  CONTROLS 

RUN  INITIAL  CONDITIONS 

INTEGRATION  ROUTINE  =  IMPLICIT 

PLOT  INTERVAL  =  1 . E-5 

MAXIMUM  PRINT  POINTS-O 

STOP  TIME-1 .02E-3 

MINIMUM  STEP  SIZE  ■  1.E-30 

ENO 


FIGURE  88.  SCEPTRE  INPUT  LISTING  FOR  THE  DC  RESONANT  CHARGING 
SYSTEM  OF  FIG.  69. 
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